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Received: 25 June 2024 In this work, a cascaded synchronous DC-DC converter topology is
Accepted: 10 September 2024 presented which is suitable for high current applications. In this

Available online: 2 December 2024 topology, a synchronous buck converter is cascaded with a series
capacitor synchronous buck converter, which exhibits very low step-
down voltage gain - thus translating to a high current gain. For this

Keywords work, this converter is applied for charging a 24 V, 10 A h Lithium-ion
Light electric vehicle, synchronous (Li-ion) battery. The constant-current constant-voltage (CC/CV)
DC-DC converter, non-isolated DC- technique is employed with the proposed converter for this application.
DC converter, constant current, Simulations for the system were carried out in MATLAB Simulink, using
constant voltage the SimPowerSystems toolbox. The converter operation is observed to

align with a typical CC/CV charging profile, with a 93.3% charging
efficiency. Consequently, this topology may be integrated into an off-
board charger for light electric vehicles (LEVs) such as e-bikes and
three-wheeler e-rickshaws - which are typically used in public
transportation. Suitability of the given converter is further
corroborated by the observed charging efficiency. This work can
potentially aim to address the issue of downtime that drivers of electric
three-wheelers may face during peak operating hours. Consequently,
this can open doors for further adoption of light electric vehicles for
public transportation.

1. Introduction

The usage of fossil fuels in internal combustion engine (ICE) based vehicles has contributed greatly to the
deterioration of the environment in recent years. As a consequence of this, electric vehicles (EVs) have emerged
as a promising mode of transportation. As per the Stated Policies scenario described in the Global EV Outlook
report compiled by the International Energy Agency (IEA) [1], around 16.5 million EVs were found worldwide at
the end of 2021. As per the same report, EV sales globally are projected to grow up to 200 million by 2030. This
goes on to show how there has been a growth spurt in EV usage over the past few years.

One specific segment - namely two/three-wheeler light electric vehicles (LEVs) - has seen potential for vast
deployment in recent years, especially in developing urban areas. LEVs exhibit a compact design, have simple
battery/charging requirements, and can be deployed for public transportation with ease. There are numerous
examples in recent years which underline the popularity of LEVs: Compressed Natural Gas (CNG) based
autorickshaws have largely taken a backseat to three-wheeler e-rickshaws [2]. Another example is of the usage
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electric two-wheelers in Netherlands [3]. LEV sales growth in different regions in the 2019-2021 period is shown
in Fig. 1 [1]. The upward trend in sales can be clearly observed, especially in Asian countries.
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Fig. 1 Electric two/three-wheeler sales growth by region [1]

This rising number of LEVs on roads make it necessary that their charging systems be made more robust and
widespread. A residential AC power supply is found to be enough for charging LEVs - facilitated by on-board
chargers. These chargers convert the input AC supply into DC with the help of a power factor correction (PFC)
stage, with another DC-DC converter being used for charging control [4]. Despite its easy availability, there exist
drawbacks such as degraded power quality at the supply end, and an increased number of conversion stages
which may hamper efficiency - owing to the PFC stage. Consequently, DC charging for LEVs has emerged as an
alternative, akin to conventional EVs [5]. This method is characterized by the elimination of the dedicated AC-DC
conversion stage, leading to an improved charging efficiency. Off-board charging stations are a possible means for
carrying out DC charging, and this can also result in LEVs becoming more compact.

High-current gain DC-DC converters can be utilized for DC charging of LEVs for a more efficient charging
process. These converters demonstrate a low step-down voltage gain, which translates to a high output current.
Numerous applications such as communication systems and computer switch mode power supplies [6], [7] have
reported usage of high current DC-DC converters. These converters can be broadly classified into: (a) isolated and
(b) non-isolated DC-DC converters. High frequency transformers are typically used in isolated DC-DC converter
topologies to achieve low step-down voltage gains, and hence a high current gain [8]. While this is a
straightforward way to achieve this objective, these topologies suffer from a high component count, which
becomes necessary to counteract the effects of transformer leakage inductance [9]. Furthermore, they are also
relatively bulky due to the presence of the transformer.

Non-isolated converters have been proposed as an alternative for achieving high current gain [11-16]. The
required voltage gain is not as straightforward to attain compared to isolated topologies, but it can still be done
by using switched capacitors or coupled inductors [11], [12], which are still relatively more compact than a high
frequency transformer. In [11], the authors presented a switched capacitor voltage quadrupler DC-DC converter,
which utilized the charging and discharging action of capacitors to enhance the voltage gain. This topology
possessed advantages such as high current gain, but a common ground between the supply and load was absent,
which may result in susceptibility to electromagnetic interference (EMI). A cascaded DC-DC converter was
proposed in [13], which delivered a high current gain. However, the topology had from high component count.
Authors of [14], [15] presented quadratic DC-DC converter topologies which exhibited a very low voltage gain,
while also having a common ground between the supply and load. An extendable topology was described in [14],
which allowed for even lower even smaller step-down voltage gains. Lai et al [16] presented a series capacitor DC-
DC converter having an interleaved structure at the output end, with a cascaded unregulated level converter stage.
Reduced current ripples at the output end were observed owing to the interleaved structure. However, a high
switch count was observed in the given circuit.
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A good charging control technique is also equally important. It must effectively complement the chosen
topology, and it must deliver optimal charging performance without causing battery damage. Taking this into
consideration, the constant-current constant-voltage (CC/CV) technique [17] is chosen, as it remains popular in
numerous charging applications. In this method, the charging current is held at a set point until the battery voltage
reaches its maximum value. Beyond that point, the voltage remains fixed and the current steadily decreases.

In this study, cascaded DC-DC converter topology —~combination of a synchronous buck converter and a series
capacitor synchronous buck converter [9] - is presented. The proposed converter is advantageous for it’s (a)
relatively simple design and control and (b) higher current gain. The SimPowerSystems toolbox in MATLAB
Simulink is used for analyzing the proposed converter’s charging performance. A 24 V, 10 A h Lithium-ion battery
is considered for this study. This work’s main contributions are listed below:

e Demonstration of an enhanced current gain in DC-DC converters, as compared to other contemporary
reported works.

e Demonstration of good efficiency in battery charging applications, thus proving that cascaded DC-DC
converters can be viable for battery charging applications.

2. Proposed Topology

The proposed cascaded DC-DC converter is described in Fig.2. A synchronous buck converter - interfacing with
the high voltage side - is cascaded with a series capacitor synchronous buck converter - interfacing with the low
voltage side. The series capacitor Cs provides voltage divider characteristics to the given topology. Both converters
are connected via an interfacing capacitor Cm.

The synchronous buck converter comprises of switches Q1 and Q. It is a variation of the conventional buck
converter, wherein a switch is used to replace the low side diode. This results in reduced voltage drop [18], thus
resulting in an efficient performance, especially at large loads. The simplicity of this circuit has led it to become
heavily used in consumer electronics [19], and it is this simplicity - alongside a relatively low number of switches
- that has led to choosing the given circuit for the proposed topology.

The series capacitor synchronous buck converter comprises an interleaved stage of switches Q: and Qz along
with inductors L1 and L2 respectively. Additionally, a series capacitor Cs is also present in the circuit, which
contributes to the voltage divider. The advantages of this converter include (a) reduced passive component size
owing to interleaving structure and (b) a voltage conversion ratio which is half that of a conventional buck
converter. The synchronous series capacitor buck converter offers the combined benefits of switched capacitor
topologies and interleaved buck converter topologies [20]. Considering these advantages, the series capacitor
synchronous DC-DC converter is chosen as the low voltage side converter in this study.
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Fig. 2 Proposed topology

In this topology, switches {S4, Q1} and {S1, Qz} operate as main switch and synchronous rectifier respectively.
Switches {Ss, S2} operate complementarily compared to {Ss, S1}. Additionally, it is to be noted that switches S4 and
Sz operated 180 degrees apart, in a manner similar to interleaved converters.

2.1 Operating Principles

The step-down operation of the proposed converter comprises of four modes as shown in the waveforms in Fig.
3(a). Likewise, the corresponding states of the circuit are shown in Fig. 3(b). The capacitors are assumed to be
large such that their voltage variations are negligible, and it is also assumed that the inductance of inductors L1 &
Lz equal. Furthermore, Dy is the duty cycle of the switch and Ts is the time period for switching.
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Fig. 3 (a) Waveforms for the switching functions, inductor currents, and the output voltage during the four
modes; (b) Circuit operation corresponding to (i) Mode 1 (ii) Mode 2 and 4 and (iii) Mode 3.

e Mode 1 (O<t<ts; duration = DpTs = ton): Switches S4, Q1 and Sz are in conduction mode. The current through
inductors L1 and Lz decrease. The current through inductor L3 increases. Also, capacitor Cu directly feeds
the load. The equations for the inductor currents are as shown.

L Ao -V _ -V _ -V (1a)
g Tem™ Ve 'L
di
L2
L,—==-V, (1b)
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di s

L3 dt =VH_ VCM (1C)

e Mode 2 (ti<t<tz; interval = (0.5-Db)Ts): Current freewheels through inductors L1 and Lz and are decreasing.
The load is fed through the energy stored in capacitor C.. Switches Si1 and Sz are ON. The switch Qz is ON,
resulting in current decreasing through inductor Ls. The equations for inductor voltages are as shown.

di

L, dil —-v, (2a)
di
2
= v, (2b)
di
3
3 Vem (20)

e Mode 3 (tz<t<ts; interval = DvTs): Switches S1 and Ss are ON, which results in increasing current through
inductor Lz. Current through inductor L1 reduces. Furthermore, Q2 continues in ON state, and current
through inductor L3 decreases. Given below are the inductor voltages.

di
Ll
= v, (3a)
di
L2
2" 4y =Ve—V, (3b)
di
L3
3 4 == Vey (30

e Mode 4 (ts<t<ts; duration = (0.5-Dv)Ts): This mode the same as to mode 2, with capacitor Cv feeding the
load. Similar to modes 2 and 3, switch Q2 continues to remain ON.

2.2 Derivation of Step-Down Gain

Consider ton = DbTs to be the turn-on time of switches Q4 and Qs and torr to be their turn-off times. Recognizing
that the inductor turn-on and turn-off current ripples are the same, we obtain the following expressions - while
also referring to equations (1) through (3).

(Vey=Veg= V)1

cm~ V' cB V1

ov= Vil orr=0 (4)

(V V.1t

=V ton= Vitopr=9 (5)

CB

From equations (4) and (5), we obtain the following expression for the series capacitor voltage Vcs.

\%
CM
V = (6)
CB 2

This result proves that the series capacitor Cg is held at a constant voltage of Vecu/2. This acts as the additional
capacitor voltage that contributes to voltage step-down gain as will be seen subsequently.

Using equations (1) through (3) and the result obtained in (6), volt-second balance is applied to obtain the step-
down voltage gain as shown.

v 2 (7)
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Fig. 4 Proposed converter compared with other contemporary works in terms of (a) step-down voltage gain;
and (b) step-down current gain

Using volt-second balance principle on inductor L3, we arrive at the following equation.

=D 8)

o= (9)

It is evident from equation (9) that the proposed converter is quadratic in nature. Likewise, the current gain of
this converter is given.

& (10)
2
1 Db
In the above expression, ILand Iu refer to the load and supply side currents respectively. Fig. 4 compares the step-
down voltage and current gains of the proposed converter with respect to other reported works. We can see from

the figure that for duty cycles below 0.5, the presented converter has the highest current gain and lowest voltage
gain.

3. Control Technique

High current - or high step-down gain - DC-DC converters prove to be an attractive solution for battery charging
applications, for a given maximum battery charging current. However, the chosen converter must be
complemented by an appropriate charging control scheme to ensure a safe charging process for both the battery
and hence, the user.

Consequently, the popular constant current/constant voltage (CC-CV) control strategy is selected for the given
topology for battery charging applications. A typical charging current and battery voltage variation as per this
control is shown in Fig. 5. The current is held constant till the maximum voltage of the battery is attained. Beyond
this point, the current decreases, and the voltage remains constant.

The CV stage is essential as it prevents the battery from overcharging. The CC/CV control technique has proved
popular among researchers mainly due to its ease of implementation. Fig. 6(a) shows the CC/CV control scheme
block diagram and Fig. 6(b) shows the flowchart for the same. The control scheme block diagram shows that there
are two control loop - one each for voltage and current. As long as the battery terminal voltage is below it’s
maximum value Vi, the current control loop helps regulate the charging current to reference value Irz. Upon
reaching Ve the voltage control loop comes into play, which helps regulate the battery terminal voltage to Viey,
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and the charging current starts to decay. In this scheme, both control loops utilized PI controller, whose outputs
were in turn used to determine the switching pulses for all switches.

Using this control technique, quantitative research methods are applied, wherein the battery charging current,
battery voltage and state of charge (SoC) were observed over a specific time as shown in subsequent sections. Fig.
7 shows the block diagram of the overall system as seen in MATLAB Simulink.

Constant Current (CC) Constant Voltage (CV)

Vlmt(t)

t

Fig. 5 Variation of charging current ivat (t) and battery voltage viat(t) in the CC and CV stages
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Fig. 6 (a) Control block diagram for CC-CV strategy; (b) Flowchart for the control process
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Fig. 7 Simulation block diagram of the proposed system
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4. Simulation Results and Discussion

Simulation studies were carried out on MATLAB Simulink, using the SImPowerSystems toolbox. Through fine-
tuning of converter parameter values in open-loop operation, the final values were chosen as described in Table
1. The battery chosen for this simulation was a 24 V, 10 A h Li-ion battery. The battery charging current reference
is setat 10 A, and the battery maximum voltage is 27.93 V - which is its set point. As a consequence of the supply
voltage being 300 V, the switch duty cycle D»is set by the controller at approximately 0.4.

The following parameters were monitored during the simulations: (a) the average battery charging current (b)
the average battery terminal voltage and (c) the battery state of charge (SoC). The variations of these parameters
over time were observed with respect to time during the CC stage and at the instant of transition from CC to CV
mode. Fig. 8 shows the variation of the listed parameters in CC mode. It is observed that owing to controller action,
the average charging current is held at the 10 A reference value. Moreover, an upward trend is observed in the
average battery terminal voltage - increasing from an initial value of approximately 26 V. The same trend is
observed in the SoC, which increases from an initial value of approximately 37.96%. Finally, 93.3% charging
efficiency is observed, which is good for the power level at which the converter is operating.
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Fig. 8 Variation of (a) average battery voltage; (b) average charging current; and (c) battery state of charge
during CC mode
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Fig. 9 Variation of (a) average battery voltage; (b) average charging current; and (c) battery state of charge
during CV mode

The converter control switches over to CV mode once the battery terminal voltage set point of 27.93 V is
attained. In this mode, the average charging current starts to reduce from the 10 A set value as seen in Fig. 9. As
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expected, the controller action ensures that the battery terminal voltage is maintained at the 27.93 V set point,
and it is also seen in Fig. 9. One point to note here is the small transient of approximately 0.05 V and 2 A in the
terminal voltage and charging current respectively. This occurs as a result of the changeover action of the
controller from the CC to CV mode. Lastly, the SoC variation shows that due to the reducing current and the
constant voltage, the slope of its increase has also reduced.

o

-

e
=

Supply side current (A)
=
=3

e
a

0.2 Il |
0.5 1 1.5 2 28 3
Time (sec)

Fig. 10 Supply side current during CC mode

The simulation results show that the controller ensures that the battery current and variations follow a typical
CC/CV trend as shown in Fig. 5.

Lastly, the high current gain operation of the given converter can also be verified. Fig. 10 shows the supply side
current when the converter operates in CC mode. With a value of around 0.9 4, it is validated that the converter is

operating with a theoretical gain which corresponds to a duty cycle of approximately 0.4 - which is the approximate
output of the controller.

DSP Controller
(TMS320F28335)

Fig. 12 Waveforms showing the supply and load currents, obtained from the experimental prototype. Load
current is shown in yellow (origin marked as 1) and the supply current is shown in blue (origin marked as 2)
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To further corroborate the high current gain nature of the proposed converter, a prototype was built wherein
the components of the same values as in Table 1 were chosen - with the overall layout of the prototype as shown
in Fig. 11. Cree C3M0065100K SiC MOSFETs were used as switches in the converter, mainly because of their
superior switching characteristics over a conventional MOSFET. The converter was operated in an open loop
condition with a 1.8 Q resistive load, and the duty cycle of the switch operation was fixed at 0.4. As shown in Fig.
12, the load current (in yellow) was observed to be approximately 15 A, while the input current (in blue) was
observed to be approximately 1.32 A. Using these values, a current gain of approximately 11.36 was observed.
Theoretically, if the duty cycle Dy of 0.4 is chosen and it is used in equation (10), the current gain is calculated to be
12.5, which can also be derived from the current gain plot shown in Fig. 4(a). Hence, the observed and theoretical
value of the current gain are observed to be close to each other. Going back to Fig. 4, the superior current gain of
the proposed converter over other contemporary reported works is also validated. Hence, the high current gain
nature of the proposed converter is verified, and it can be used in high current applications.

4.1 Conclusion

A cascaded DC-DC converter — which combined a synchronous buck converter and a series capacitor synchronous
buck converter - was presented in this paper. This converter was then evaluated for battery charging applications
in a MATLAB Simulink environment. For this purpose, a 24 V 10 A h Li-ion battery was chosen.

A charging current of 10 A was maintained due to controller action in the CC stage, which resulted in a steady
increase in battery terminal voltage and SoC. This process continued until the reference voltage - which was the
maximum battery voltage in this case - was attained. This marked the start of the CV mode, and beyond this point,
the controller action helped hold the battery voltage constant, which led to a steady decrease in the charging current
from its 10 A set point. The SoC’s slope of increase also reduced in this stage. Additionally, the control changeover
resulted in a small transient in the battery voltage and charging current at the start of CV mode. This transient was
kept to a minimum by tuning of PI controller parameters.

Significantly, a satisfactory 93.3% charging efficiency was observed, which is good for the power level at which
the converter operated, thus validating the topology’s usage in charging applications.

Another significant result from the simulations is the verification of the high current gain operation of the given
topology. The battery charging current of 10 a roughly translated to a supply side current of 0.9 A. This corresponds
to the theoretical gain at a duty cycle of approximately 0.4. This indicates the straightforward nature of cascading
converters to achieve a high step-down gain or current gain, and it can be used for other applications which require
the same. This aspect of the converter was further validated through hardware experimentation, wherein the
circuit was run in open loop with a 1.8 Q resistive load. It was observed that the theoretical and the experimental
value of the current gain were found to be close, thus proving its suitability for high current applications.

The simulation results and resultant charging efficiency indicate the suitability of this converter for battery
charging. This converter can potentially be scaled up for battery packs with higher voltage ratings - those which
may be found in electric two/three-wheelers. This work aims to address the need for coverage expansion of LEVs
through improvements in charging infrastructure, with emphasis on off-board charging for electric three-wheelers
suited for public transportation. In this regard. This can also help alleviate any possible issue of vehicle battery
discharge during peak operating hours. Further validation may be done through hardware implementation and
real-time operation of the proposed DC-DC converter topology to gauge the suitability of the given converter for a
higher battery rating and evaluate the charging time.
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