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Abstract: Considerable efforts are being made to reduce CO, emissions and thereby solve the
problems of environmental pollution and global warming. Technologies for environmentally friendly
transportation are being developed using batteries. In particular, with the increase in urbanization
and one-person households, e-mobility products are drawing increasing attention as short-distance
transportation devices. Among these vehicles, personal mobility devices (PMDs) are receiving
attention as new transportation devices that are simple to operate. This paper proposes a new
multilevel charging system that is advantageous in responding to the charging voltage specifications
of various mobile devices with a single charging system while ensuring a low charging current ripple.
The proposed diode-parallel multilevel converter consists of an independent Buck converter in series.
The switch of the buck converter is configured at the negative terminal of the input power source
so that the gate amplifier voltage is used as the power supply voltage; it can therefore be simply
configured without a separate gate amplifier power supply. In addition, it is improved so as to have a
wider charging voltage range in a low output voltage region and a better efficiency than the existing
diode series multilevel converter. To verify the feasibility of the proposed system, simulations were
performed using the software PowerSIM(PSIM), and, in order to verify the validity, a prototype
charging system was fabricated to compare and analyze losses according to operating conditions.

Keywords: e-mobility; personal mobility devices (PMDs); multilevel charging; dc/dc converter;
electric vehicle (EVs)

1. Introduction

Currently, urbanization is increasing rapidly around the world. According to the World
Urbanization Prospects, the number of megacities with a population of 10 million people or more is
predicted to increase from 14 in 1995 to 46 in 2035 (Figure 1). Accordingly, an increasing number of
people are moving from rural areas to cities, and the global share of the urban population is expected to
increase from 45% in 1995 to 62% in 2035. This is because massive centralized cities where production,
consumption, education, and cultural development can be realized in a single region are advantageous
in terms of economic efficiency [1-3].
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Figure 1. Growing urban population and increasing number of cities. * UN World Urbanization
Prospects, POSRI (2017).

In many developed countries, urbanization has naturally developed as a measure to improve the
return on investment and secure the services of talented people. However, because of the increase
in the number of megacities and population density, several threats are affecting the quality of life
of urban residents, and these threats are increasing rapidly. One of these threats is excessive energy
consumption and environmental pollution due to the increase in the number of industrial complexes
and high-rise buildings aimed at improving public convenience, and due to the resulting traffic
overload on the transportation infrastructure resulting from the use of vehicles running on internal
combustion engines. Many methods have been attempted to solve this problem. One of these methods
is the paradigm shift from internal combustion engine vehicles using fossil fuels to electric vehicles
(EVs) using environmentally friendly electrical energy. However, although the use of EVs can solve
some environmental problem:s, it is still difficult to solve parking and traffic congestion problems by
using EVs. In particular, because of the centralization of population and the operation of passenger
vehicles with one or two passengers per vehicle, the number of vehicles in the city center is increasing
sharply, resulting in parking and traffic congestion problems [4,5].

Accordingly, the development of various types of e-mobility devices that are environmentally
friendly and capable of improving mobility is being accelerated in order to solve environmental
and social problems simultaneously. E-mobility is a general term for the use of personal means of
transportation for one or two persons using an ecofriendly electric drive method that is different from
that used in existing passenger cars. E-mobility devices can be largely classified into micromobility
devices, smart mobility devices, and personal mobility devices (PMDs). In addition, there are
different types of e-mobility devices, such as upright-type devices, electric bicycles, and two- and
three-wheeled vehicles.

Among e-mobility devices, PMDs are used in downtown areas, large-scale development areas,
and residential areas for commuting, leisure, and business, and they are expected to make significant
contributions to the development of solutions to traffic difficulties and the prevention of environmental
pollution. Consequently, the PMD market is rapidly growing. Bird, an American startup company, has
confirmed the marketability of PMDs through its electric kickboard sharing business, and automakers
and large companies are actively promoting the PMD business [6,7].

However, a few challenges must be overcome for the successful introduction of PMDs. First,
the definition of PMDs and their distinction from other vehicles are not clear, and from a legal
perspective operational regulations need to be established and postaccident handling problems must
be solved. Thus, the proper environment for using PMDs must be created through the establishment of
systems and laws. In this regard, governments and institutions are striving to improve related laws and
systems to promote the introduction of PMDs. Once PMDs have stably established their place in the
market as short-distance transportation devices through the aforementioned improved environment,
another critical challenge would be to build the charging infrastructure. Charging stations for EVs are
widely distributed. However, e-mobility devices, including PMDs, use various voltages and currents
for their batteries according to various device types, manufacturers, and equipment characteristics.
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Therefore, they are charged using exclusive external-adapter-type chargers. However, these chargers
have an excessive volume and weight because their circuits must be configured to satisfy various safety
regulations and certification standards for electrical appliances; hence, carrying them is inconvenient.
Therefore, to facilitate the spread of PMDs, which can cover only short-to-medium distances, charging
stations that can charge various types of PMDs need to be developed [8-11].

The requirements for charging stations for PMDs can be primarily divided into two categories.
First, ultrasmall PMDs such as electric wheels and electric kickboards are designed for 250 W or lower
and mainly use 12-, 24-, 36, or 48-V power supplies, whereas PMDs such as electric motorcycles
and ultrasmall EVs are designed for 750-1500 W and mainly use 48-, 60-, or 72-V power supplies.
Therefore, PMD chargers must have a broad control range of output voltages to charge batteries of
various voltages depending on the PMD type. Second, the charging current ripple rate of a battery
must be satisfied in order to preserve the lifespan of the battery, regardless of the charging current
required in all charging voltage ranges. To meet both these requirements, this study develops an
improved multilevel charging topology that can satisfy a wide range of battery charging voltages and
charging current ripple rates. In the present study, a system is set up using an existing insulation-type
AC/DC converter that can be mass-produced at a low cost and can provide the insulation characteristics
required for e-mobility charging systems. The proposed multilevel charging system for e-mobility
devices can supply power from a single system to various types of power sources and can thereby
satisfy the wide-ranging charging voltage specifications of various e-mobility devices. Furthermore,
the topology is designed to provide a simple configuration without a separate independent gate
amplifier power supply by placing a switch from a multilevel buck converter at the negative side of
the input power supply [12-15]. Furthermore, not only can the proposed topology improve efficiency,
but it can also provide a broader range of charging currents by using a structure that can lower the
switching loss when compared to the topology proposed in a previous paper [16]. The feasibility of
the proposed e-mobility topology is verified through simulations and experiments. The remainder of
this paper is organized as follows. Section 2 compares the topologies of the existing and proposed
multilevel converters and describes the loss and output voltage. Section 3 presents the simulation and
experimental results. Section 3.1 outlines the results of the simulation performed using the software
PSIM, and Section 3.2 verifies the feasibility of the proposed system through experiments by fabricating
and using a 1000-W-class multilevel charging system. Finally, Section 4 presents the conclusions of
this study.

2. Comparison of Diode Series Structure Multilevel Converter (DSS-MLC) and Diode Parallel
Structure Multilevel Converter (DPS-MLC) for E-Mobility

2.1. Comparison between Structures and Operational Characteristics of DSS-MLC and DPS-MLC

According to IEC 61851-23 (Electric vehicle conductive charging system: DC electric vehicle
charging station), which gives the requirements for DC charging stations for EVs, the DC supply
voltage provided by charging systems to small EVs such as PMDs should be less than 60 V. Hence,
charging systems need to generate a very wide range of output voltages to charge e-mobility devices
with various voltage specifications in the range of 12-60 V from a single charging system, depending
on the manufacturer and product type. Studies on such charging systems are in progress.

Figures 2 and 3 show a recently studied multilevel converter and the new type of multilevel
converter proposed in this paper. To distinguish between these two converter topologies, the
existing multilevel converter is referred to as the DSS-MLC and the proposed multilevel converter
as the DPS-MLC. Multilevel converters are generally used to respond to high-voltage converters by
overcoming the internal pressure limit of the switching device. However, the multilevel converters
for e-mobility devices are characterized by the use of voltages as low as the driving voltage of the
switching device for the input voltage of the converter. Based on this characteristic, the converter circuit
can be simplified by removing the gate amplifier power supply of the multilevel topology, which uses
multiple switching devices according to the circuit configuration. Thus, a field effect transistor of the
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multilevel converter, excluding the lowest level of buck converters configured in series in the multilevel
converter, is configured in the negative terminal of the input power supply, and the gate amplifier
voltage is used as the power supply voltage, thus simplifying the circuit configuration [17-20].
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Figure 3. Topology of the proposed diode parallel structure multilevel converter (DPS-MLC).

The output voltage of the DSS-MLC and DPS-MLC can be controlled according to the state of
the switch in the system and the duty ratio. The range of the output voltage can be adjusted based
on the sum of independent input voltages in the multilevel converter, starting from zero voltage.
For convenience, the operation according to each switching state is analyzed using a multilevel
converter with three levels. Figures 4 and 5 show the operational states of the DSS-MLC and DPS-MLC
according to the switching states.
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Figure 4. Operational state of DSS-MLC according to the switching state.
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Mode l- Mode 2 Mode 3 Mode 4

Figure 5. Operational state of DPS-MLC according to the switching state.

The independent input power supply configured in the multilevel converter is represented as
Vimr, and the total output voltage of the multilevel converter is V. The output voltages in each
mode of the DSS-MLC and DPS-MLC according to the switching state shown in Figures 4 and 5 are
listed in Table 1. If a switching method with two adjacent modes is used, the output voltage can be
formed in such a way that the output voltage displacement of the multilevel converter becomes the
low input voltage.

Table 1. Output voltages according to the switching state in each mode.

01 Q2 Q3 DSS-MLC Vyz DPS-MLC Vi
Mode 1 0 0 0 0 0
Mode 2 1 0 0 VimL Vimr
Mode 3 1 1 0 2X Vimr 2X Vimr
Mode 4 1 1 1 3XVime 3XVimr

In general, the inductor current ripples in the converter are determined by the applied voltage,
frequency, and duty ratio, regardless of the converter type. Because the DSS-MLC and DPS-MLC are
arranged as single buck converters connected in series, the inductor current ripples and output voltage
ripples can be expressed by a relational equation of buck converters. Equations (1)—(3) represent the
input and output relational equations of single buck converters, inductor current ripples, and output
voltage ripples. As can be seen in the equations, the single buck converter system is determined in
the hardware design stage by the input voltage V;, switching cycle Ts, and output filters L and C.
In addition, the maximum ripple is reached when the duty ratio d is 0.5.

V, = Vixd, 1)

AiL:%xVixdx(l—d), 2)

~ Vixdx(1-d)xT,? 3)
8xLxC )
In the case of the DSS-MLC and DPS-MLC, the relational equations can be expressed using
Equations (1)—(3), as follows:

Av,

Vo = Vi X (Npr — 1+ 4d), 4)
Vo— (Vipr X (Npz, — 1
d= 0 ( iML ( ML )), (5)
Vime
. Ts
AIL:fXViMLXdX(l—d), (6)

ViMLXdX(l—d)XTSZ

Avo = 8x L xC ' @




Electronics 2020, 9, 2037 6 of 19

To obtain the maximum inductor current ripple and voltage ripple according to the number of
levels and the duty ratio of the converter, the DSS-MLC and DPS-MLC have the same number of
conditions as a multilevel converter. This can be explained in more detail as follows. First, the input
voltage Vimr of the multilevel converter has a size V;/N, where N is the number of levels and V; is
the input voltage of a single buck converter. The number of multilevel converters is determined by
the output voltage, and if this number is called Ny, the input and output relational equations and
duty ratio d can be expressed as Equations (4) and (5). Furthermore, the inductor current ripples Ai
and output voltage ripples Av, can be determined using Equations (2) and (3) and are found to be
determined by the input voltage Vi, and duty ratio d. As a result, according to the number of levels of
the multilevel converter, the input voltage Vi, of the multilevel converter is reduced when compared
to that of the single buck converter, which means that the inductor current and output voltage ripples
can be reduced. Figures 6 and 7 show the normalized input current ripples according to the number of
levels (up to six levels) and the duty ratio of the DSS-MLC and DPS-MLC. As can be seen in these
figures, the higher the number of levels in the multilevel charging system, the lower the inductor
current ripple and the smaller the ripple current that flows to the filter capacitor. Consequently, when
the number of multilevel converters is increased, this has the same effect of increasing the frequency.
Hence, the values of the inductor and capacitor of the output L-C filter can be reduced, thereby reducing
the converter size. This means that it is possible to control a wide range of output voltages and satisfy
the current ripple rates required by various batteries with different electrical characteristics [21-28].
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2.2. Comparison between Losses and Output Voltages of DSS-MLC and DPS-MLC

A comparison of the operational characteristics of the DSS-MLC and DPS-MLC indicates that the
input and output current ripples of the two multilevel converters have the same characteristics but
that the number of diodes used in the freewheeling section of the converters is different. When the two
topologies use the same passive device and power semiconductor device, the difference in the total
loss depends on the losses of the diode.

The losses of the diode can be largely divided into the conduction loss (Pp, ;) and reverse recovery
loss (Pp, rev). The conduction loss is the power consumed by the diode during the forward conduction
of the diode and can be expressed as follows [29,30]:

Ppe=up(t) % if(t) = Uf(t) X if(t) + Rp X l;(t) 8)

Equation (8) is expressed as an instantaneous value and can be integrated over the diode switching
cycle. Accordingly, the equation can be expressed in terms of the average loss as follows:

T . .
o= TSW f sw Pp, c dt _ Tsw J(‘) SW(TJf )le(t) + RDXI;(t))dt Vry X IF,ZW—I—RDXIFTMS, (9)

where vp, v ¢, 1, I ave, and I s denote the voltage across the diode, forward voltage drop of the diode,
forward instantaneous current of the diode, forward average current of the diode, and forward effective
current of the diode, respectively. Vry and Rp are dependent on T, and this can be represented as a
graph, as shown in Figure 8. As shown in this graph, when the two points of Vr, which are determined
by Ir and Ty, are known, the slope between these two points is 1/Rp. Thus, Vy is the V value of the
point where Ir becomes zero when the two Vr points are interconnected and a tangent is drawn.

T,;,,>T, Vi, Tyj1) 'VF Ur, T,p2)
Iy A
[A]
I VelFps, Tyjz)
F2 o
[ Ver, Ty
I/RD (T‘.’/?) E R
: I/R (T1)
7 Velr, Ty2) / 3 PR
" £l (In T;1)
0

Viu(Tyz) Vie(Tyir) Ve l[V]
Figure 8. V1y and Rp values according to Ty;.

The reverse recovery losses of the diode can be largely divided into losses caused by turn-on
and turn-off operations. The reverse recovery loss due to the turn-on operation is determined by the
peak forward voltage (Vp) and forward reverse recovery time (ts,). The loss caused by the turn-on
operation is determined by the rate of change in the forward current over time. Because ¢, is usually
a very short time (in nanoseconds), the loss caused by the turn-on operation is negligible. The loss
caused by the turn-off operation of the diode generates a switching loss that cannot be ignored due to
the reverse recovery voltage and current.

As shown in Figure 9, the current begins to decrease from t; and passes 0 at ¢;, and a reverse
voltage begins to be applied to the diode from #,. After t;, the current contains the maximum reverse
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recovery current (Irrar), which is affected by the rate of change in the current. Because the power
loss is generated for the reverse recovery time, only the t4 + tp section in the total switching time
tr + t4 + tp can be calculated as the loss caused by the reverse recovery of the diode. The reverse
recovery charge Qgr is the charge at which the bias is switched to the reverse direction and passes
through the diode. Qgg is determined by the area surrounded by the path of the recovery current and
can be approximately expressed as follows [31-33]:

‘s 1 1 1
Qrr = f Ip(t)dt = SIRrmta + sIRrMtE = SIRRMbrr- (10)
ta
~dl,,/dt )
VD, ID A "'v.‘ o rr 3
mA]
4 7]
< > > JID Jdt
I F v‘:‘_,-'
V[-‘l :':':
v i >
P o L\ i, ( t[nsec|
' 25% of Lnaw

/\/
\/

Q

VR RM

Figure 9. Reverse recovery characteristics of the diode.

Consequently, the reverse recovery loss of the diode can be expressed as follows:

1 ('8 1
PD,rev = f VD(t) X ID(t)dt ~ QRR ><VRR X fsw = EIRRM>< tr X VRR X fsw/ (11)

Tsw ta

where Ip, Vp, Irrm, Qrr, and Vgr are the diode current, diode voltage, maximum reverse current,
reverse recovery charge, and voltage across the diode during reverse recovery. The total loss due to the
diode is as follows:

1
Ppjoss = Ppc+ Pprev = VrH X Ipae + Rp X Il%,,ms + EIRRM'trr'VRR' fsw- (12)
The two topologies show different differences in the total loss (AP7 jo55) generated by the diode
depending on the number of output levels. The lower the number of output levels, the larger the
difference in the total loss (AP jss ). The difference between the total losses of the two topologies can
be expressed as follows:

APT,loss = PD,loss X (NTUtﬂl_ML — Nyt — 1)' (13)

Considering the voltage drop caused by the diode, when the multilevel converter has the maximum
level output, the output voltage is expressed by Equation (4) for both topologies. However, if the level
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output is not at the maximum, the output voltages of the DSS-MLC and DPS-MLC are expressed as
Equations (14) and (15), respectively:

Vo,pss = Vimr X (Nmr —14d) = Vi X (Nrogar mr — N ). (14)

Vooprs = Vime X (Nmr —1+d) — V. (15)

In the case of the DSS-MLC, the lower the output level, the larger the voltage drop caused by the
diode. As a result, the loss increases, and the range of the charging voltage that can respond to each
level decreases. In contrast, in the case of the DPS-MLC, only the diode is used in the freewheeling
section, regardless of the output level. Thus, it has a higher efficiency and a broader range of charging
control regions than the DSS-MLC. Here, Nty mr, Vo pss, and V, pps denote the total number of
multilevel converters, output voltage of DSS-MLC, and output voltage of DPS-MLC.

Figure 10 shows the output characteristics considering the diode voltage drop. At level 1,
the difference in the output voltages between the two topologies is Vi X (Nro mr — 2), and when
the total number of multilevel converters increases this difference has a considerable influence on
the output characteristics. In contrast, the proposed DPS-MLC generates a constant voltage drop
regardless of the number of levels. Therefore, the DPS-MLC is more appropriate for the charging
system of e-mobility devices that must respond to a very wide range of charging voltages.
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Ve i/ y s
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\t )J >
- 0< duty;>1 > 0< duty;>1 Level, duty >

Figure 10. Output characteristics considering the diode voltage drop.

3. Validation of DPS-MLC

3.1. Simulation

Figure 11 shows the simulation circuits used to verify the validity of the proposed DPS-MLC.
The circuits consist of the existing buck converter, the DSS-MLC, and the proposed DPS-MLC.
To facilitate the verification of the size of the current through the reactor and the ripple rate, a reactance
value was designed for the switching of the reactor current in the continuous mode. To compare
the characteristics of a general buck converter and the two topologies, the parameters of the passive
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elements used for the simulation were designed as identical values. The parameters used in this
simulation are listed in Table 2.
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Figure 11. Simulation circuit diagram.

Table 2. Specifications and parameters of the simulation circuits.

Parameter Symbol Value
Buck converter input voltage Vinp 72V
Multilevel converter input voltage Vi-Vs 12V
Output reactor inductance Ri1,Rp3, Rpa 200 uH
Output capacitor capacitance Cp, Cass, Caps 10 uF
Output load resistance Riond 6Q)
Switching frequency fs 20 kHz

Figure 12 shows the voltage and reactor current waveforms obtained by PWM (Pulse Width
Modulation) using the existing buck converter and the two multilevel converters. First, to verify
the reactor current ripple and PWM voltage ripple according to each voltage region, the voltage and
current were simulated so as to increase linearly from 0 V to 70 V and from 0 A to 12 A, respectively,

for all three converters.

As indicated by the simulation waveforms, the proposed DPS-MLC considerably decreases the
voltage and output current ripples by PWM when compared to the existing single buck converter.
In addition, the voltage and output current ripples of the proposed DPS-MLC are the same as those of

the DSS-MLC.
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Figure 12. Comparison between the operational output characteristics of the existing converter and
proposed converter.

Figure 13 shows the simulation results of the output voltage drops for the existing single buck
converter and two multilevel converters in terms of the diode voltage drop. The simulation conditions
were as follows: the duty ratio was linearly increased from 0 to 100% for each level, and the level
was increased from 1 to 6 to compare the output voltages between the two multilevel converters and
the single buck converter. As can be seen from the resulting waveforms, the DSS-MLC generates the
largest difference in the output voltage at level 1, and the output voltage decreases as the number of
levels of the converter increases. Furthermore, in the level 1 converter mode, the output voltage is not
generated because of the diode voltage drop at a low duty ratio. The DPS-MLC exhibits a constant
voltage drop regardless of the number of levels of the converter, and the voltage drop caused by
the diode disappears when the number of levels of the converter is at a maximum. The proposed
DPS-MLC exhibits an improvement in the output voltage drop caused by the diode and can generate
an output at level 1 even at a low duty ratio.
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Figure 13. Comparison between the output voltages of the existing converter and proposed converter:
(a) output voltage waveforms of three converters (b) differences between the output voltages of
three converters.

Figure 14 shows the battery charge simulation waveforms of the charging system composed of the
existing buck converter and the charging systems composed of the two types of multilevel converters.
Here, Vg, V, pss, and V, pps denote output voltage of the existing single buck converter, output
voltage of DSS-MLC, and output voltage of DPS-MLC. And they have all the same condition with duty
50%. The Randles model was used for the battery equivalent circuit, and the parasitic inductance at
the battery terminal caused by a high frequency was ignored. For a smooth simulation, the battery
equivalent model was configured by assuming a charge start voltage of 55 V and a charge stop voltage
of 60 V. The model was operated in the CC-CV mode during the charging section, and the current
reference value in the CC mode was set to 8 A.



Electronics 2020, 9, 2037 13 of 19

I_BAT_Buck
15

10

(a)

I_BAT_DSS
15

10

/[ T~

(b)

I_BAT_DPS
15

10

5 / » » \
0 1 i i

0 0.02 0.04 0.06 0.08 0.1 0.12
Time (s)

(0)

Figure 14. Comparison between the battery charge simulation results of the (a) buck converter,
(b) DSS-MLC, and (c) DPS-MLC.

Figure 14a shows the results of the battery charge simulation for the single buck converter.
The current ripple Aij is approximately 2.45 A, and the current ripple rate is 30.6%. Figure 14b shows
the results of the battery charge simulation for the DSS-MLC. The current ripple Aif is 0.3 A on average,
and the current ripple rate is 3.7%. Figure 14c shows the results of the battery charge simulation for the
DPS-MLC. Here, the current ripple rate is almost the same as that of the DSS-MLC in all the sections
and is reduced eightfold when compared to that of the single buck converter.

The simulation results show that the DPS-MLC reduces the current ripples in all the charging
regions when compared to the existing single buck converter. The DPS-MLC shows the same current
ripple rate as the DSS-MLC and a lower voltage drop caused by the diode than the DSS-MLC. Therefore,
the DPS-MLC can respond to a broader range of charging voltages. Furthermore, a more efficient
operation of the charging system is possible because of the small switching loss caused by the diode.

3.2. Experiment

To verify the operation of the proposed DPS-MLC, a charging system was fabricated, as shown in
Figure 15. It was composed of 1000-W-class multilevel converters with six levels in total, a controller
with a DSP, and a multilevel power supply using a switched-mode power supply (SMPS). The six
converters were controlled using the onboard-type TMS320F28027 kit, and the size of the multilevel
charging board was minimized.
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Figure 15. DPS-MLC used for the experiment.

In this study, experiments were performed to compare the operational characteristics of the
proposed DPS-MLC with those of a single buck converter. A resistance load was used instead of
the battery load to observe the dynamic characteristics when the number of levels changed while
controlling the output voltage continuously from the minimum value to the maximum level. For a
stable output voltage control, the output capacitor was designed to be 220 yF. The other parameter
conditions are listed in Table 3.

Table 3. Specifications and parameters of the experiment.

Parameter Value

Output inductor inductance 200 uH
Output capacitor capacitance 220 uF
Output load resistance 1350
Switching frequency 20 kHz

For the experimental conditions, the controller and voltage ref were designed in such a way that
the output voltage would increase linearly with the same time constant from 0 V to 70 V. Among the
operational characteristics of the two converters, the PWM output voltage ripple and reactor current
ripple were observed.

On Figure 16 for chl: yellow shows the waveforms resulting from the experiment when using the
reactor current ripple, and for ch2: green shows voltage Vpwas obtained by PWM. As can be seen from
the experimental waveforms, the DPS-MLC achieves a stable control even in the section where the
number of levels changes, and the current ripple is also constant regardless of the level. Furthermore,
the current ripple of the multilevel converter decreases in every region when compared to that of the
single buck converter. In addition, the voltage ripple obtained by PWM is also small and is 16.7%
of that of the single buck converter. Thus, the DPS-MLC is expected to generate fewer instances of
electromagnetic interference caused by switching.
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Figure 16. Current ripples of the reactor and voltage waveforms obtained by PWM for the (a) buck

converter and (b) DPS-MLC.

Figure 17 shows the experimental charging waveforms for the proposed topology.
The experimental conditions were as follows: two battery voltages (36 and 60 V) were used, and a
CC-CV control was used for the charging method. The battery charge voltage and current data were
collected using the data logger midi LOGGER GL240. Variations in the voltage and current were
recorded over time and represented as a graph. As shown in the figure, the experimental results

confirm that the proposed topology charges e-mobility devices with various charge voltages.
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Figure 17. Battery charging results for (a) 36 V/10 A and (b) 60 V/6 A.

Figure 18 shows the experimental results comparing the proposed topology with existing
topologies. The experimental conditions were as follows: a 1-kW-class SMPS with an efficiency of
approximately 90% was used. The charging current was set to 16.7 A, and the power was measured in
150-W units using the power analyzer WT-3000 while increasing the charging voltage from 12 V to
72 V. As can be seen from the obtained waveforms, the proposed DPS-MLC has the highest efficiency
at 750 W in every section excluding the single buck converter. The result for 150 W, which is a low
charging voltage region where the efficiency difference is large, shows that the efficiencies of the
general buck converter, DSS-MLC, and DPS-MLC are 73.1%, 87.5%, and 88.5%, respectively. Thus,
the efficiency of the DPS-MLC is 15.1% higher than that of the general buck converter and 0.7% higher
than that of the DSS-MLC. This demonstrates that the DPS-MLC exhibits an improved efficiency while
maintaining the advantages of a multilevel converter for various charging voltages.
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& 804/ N\ e e P e
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Output power [W]

Figure 18. Comparison between the efficiency curves of three topologies.
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4. Conclusions

Various charging technologies are being researched and developed for e-mobility devices.
This paper proposed a new topology for a charging system for e-mobility devices. The validity
of the proposed multilevel charging system was verified through simulations and experiments.
The conclusions of this study can be summarized as follows:

1.  The DPS-MLC exhibits an improved efficiency by reducing the switching loss of the diode while
providing the same operational characteristics as the existing multilevel converter DSS-MLC.
The serial connection structure of the diodes at the output side of the multilevel design is changed
to a parallel connection structure. Therefore, the loss can be reduced regardless of the number of
levels by using only one output diode in the freewheeling switching section.

2. The voltage drop caused by the diode is minimized to increase the control region of the charging
voltage. This region, which can be responsible for each multilevel converter, is expanded to a
wider range. As the number of multilevel converters increases, the advantages of the DPS-MLC
become more prominent. However, the operation of the DSS-MLC is limited because the voltage
drop caused by the diode increases at a lower level. The DPS-MLC solves this problem and
can control a wide range of charging voltages regardless of the number of levels. In particular,
it has a high efficiency when compared to DSS-MLC in the low output voltage section. It is more
advantageous in the PMD field because the charging voltage range of the PMD is from 12 V to
36 V.

3. The DPS-MLC has a considerably better efficiency than the single buck converter and can improve
the charging power quality by reducing the current ripple. Furthermore, it can also reduce the
electromagnetic interference caused by the charging system by reducing the voltage ripples
obtained by PWM.

Therefore, the proposed multilevel charging system improves existing multilevel charging systems.
It is expected to make great contributions to the field of charging technology and enable e-mobility
devices to be established as short-distance mobile transportation vehicles.
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