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Abstract. An innovative single-input multi-output (SIMO) Direct Current (DC)-DC switched capacitor 
(SC) converter charged and discharged the flying capacitors by utilising one separate independent voltage 
source (Vbat or Vin) to control the EV's speed. The switching pulse interval remained constant, allowing 
for the generation of different voltage ratios. To regulate the velocities of EV, this study developed a number 
of speed transmissions. Utilising the SIMO DC-DC converter, the chosen and controlled battery voltage was 
produced. For motoring, or forwarding operation, four transmissions were used, while the other three 
transmissions were used for regenerative braking. A total of seven transmissions were generated by the 
proposed converter. Regenerative braking involved feeding the recovered voltage back into the battery, 
while the motor operated using energy from the fuel cell, photovoltaic cells, and the battery. Electronic add-
ons like LED lights, the electric vehicle sound system, and charging ports for mobile devices and laptops all 
relied on the SIMO DC-DC converter. For various gear ratios, the suggested SIMO DC-DC converter used 
the energy restored in regenerative braking to recharge the battery. To further validate the proposed system, 
modelling, simulation, and analysis are employed. The 12 V fixed-voltage input and the 12 to 53 V output 
voltages are its intended uses. To ensure the system was reliable, it was simulated by the PSIM tool. 
Validation of the proposed converter provides strong proof of concept for regenerative braking and braking 
procedures. 

1 Introduction 

One important mode of transportation in recent years 
was the EV. The International Transport Forum 
predicted that CO2 emissions will soar by almost 60% 
by 2050 as a result of the exponential growth of urban 
areas, leading to a worsening of the climate crisis. 
Concern over greenhouse gas emissions and the 
potential for EVs to help reduce these dangerous 
emissions [1]. Electric vehicles offered great promise 
for mitigating climate change. There are primarily two 
varieties of electric vehicles on the market. The first was 
the plug-in hybrid, or PHEV, which combined an 
electric motor with an internal combustion engine. A 
traction motor, batteries, power electronic controllers, 
and DC-DC converters are the four main parts of an EV. 
In a similar vein, smart vehicles are being created to out-
do the standard electric vehicle [2]. Smart vehicles are 
currently controlled through the internet of things, and 
electric vehicles use both renewable and non-renewable 
energy sources as inputs. Furthermore, gear shift 
control, clutch control, and automatic transmission 
control are the major pillars upon which mechanical 
speed control was built and extensively researched [3, 
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4]. Electrical control was the fastest and most efficient 
way to control the speed transmission and regenerative 
braking. The speed of the E-vehicle was controlled in 
this work using a DC-DC speed control technique that 
was based on electricity [5, 6]. The DC-DC converter 
regulated the electric vehicle's speed and a number of 
other electrical components. The E-bike will be used as 
an example for the sake of clarity. A DC-DC converter 
was necessary for turning the DC motor on and off [7], 
8]. Conventional converters had their limitations, 
namely electromagnetic interference (EMI) and losses 
of iron, but switched capacitors converters had many 
advantages, including high efficiency and the ability to 
achieve high target voltages with just switches and 
capacitors. Inductor-based converters, on the other 
hand, offer a better solution, but they also had their 
limitations. SC converters had many different uses. 
These SC DC-DC topologies were excellent for 
medium-and high-power applications as well. These 
DC-DC converters output was fed into DC-AC 
inverters, which efficiently convert DC power to AC 
voltage by using suitable PWM techniques to regulate 
the inverter [9, 10]. Through the use of medium-and 
high-power DC-DC converters, renewable energy 
sources are linked with grid. The SIMO SC DC-DC 
converter, a common topology in converters, was 
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considered for the aim of speed transmission. The DC-
DC converter in an electric vehicle (EV) transformed the 
constant direct current (DC) power stored in the battery 
into variable direct current (DC), which was then used 
by different components in the circuit and driven a DC 
motor. The design of SC converter ensured that the 
negative current and voltage ripple are preserved [11]. 
The suggested speed control system's key benefit was 
that it regulated the vehicle's electronic components 
through acceleration and deceleration, as well as during 
motoring and regeneration. An additional feature that 
helped to increase the range of an EV was regenerative 
braking. In the regenerative braking cycle, the 
mechanical energy was converted into electrical energy 
[12]. Regenerative braking not only improved braking 
efficiency but also increased the driving range. Recent 
literature on regenerative braking covered a wide range 
of topics, but few of these studies addressed the topic of 
a fully automatic controller for a four-transmission 
system [13, 14]. This paper delves into a new four-
transmission system that was designed for forwarding 
and regenerative operation. Fig.1 shows the regenerative 
braking technology that was part of the proposed 
system. 

 
Fig. 1. The regenerative braking system's configuration 

2 Proposed Method for Controlling 
Four-Transmission Converters 

Fig. 2 shows the proposed SIMO DC-DC converter, 
which served as a switched capacitor connected in series 
and parallel around an oval route with a single source 
[15]. It consists of four flying capacitors and fourteen 
bidirectional switches (Vin or Vbat). To connect the 
many outputs (Vo1-Vo4) to the load, various output 
nodes were utilized. Transmission speed was 
proportional to the voltage ratio at each node, which was 

determined by connecting the output capacitor across 
every terminal. The converter that has been suggested 
was achieved step-up as well as step-down voltages. The 
voltage ratios (1 ∗ Vbat), (2 ∗ Vbat), (3 ∗ Vbat), (4 ∗ 
Vbat), (0.5 ∗ Vbat), and (0.33 ∗ Vbat) were produced by 
this converter that has been suggested. Table 1 shows 
the pulses for motoring and regenerative switching. 
There are two phases that driven the bidirectional 
switches, and their duty cycle ratio was 50%. 

 
Fig. 2. The circuit of the proposed single-input multi-output 

Direct Current-DC converter 
 
 Phase (φ1) represented the charging state and the 
discharging condition was represented by phase (φ2). 
Various voltage ratios were generated by connecting the 
flying capacitor in parallel and series [16-18]. The 
details of the speed transmission switching were 
covered, and the transmission speeds were chosen in 
regard to the voltage ratios provided in Table 1. In this 
case, 12 V was taken as the input voltage, Vbat. Vo1 = 
1 ∗ Vbat = 12 V was the output voltage for the first 
transmission. Also, the output voltage Vo4 for the fourth 
transmission was 53 V, which was equal to 4 ∗ Vbat. 
Various speed transmissions were generated by taking 
the following switching sequence into account. The 
concept of 3 ∗ Vbat speed transmission was used for the 
sake of simplicity. Activating switches S4, S5, S7, and 
S9 and parallel charging capacitors C2 and C3 with Vbat 
constitute Phase 1. In addition, in Phase 2, the secondary 
terminals of capacitor C2 and capacitor C3 were linked 
to the voltage source, and the capacitors are connected 
in series with Vbat. Switches S3, S6, S10, and S12 are 
used to connect the same terminal to C3. The operation 
modes of 3 ∗ Vbat are used in conjunction with capacitor 
C4 to produce transmission of 4 ∗ Vbat. The suggested 
converter allowed for regenerative braking to return 
energy to the battery. In Table 1, a half cycle with 50% 
positive (Pve), 50% negative (Neg), and an always-on 
switch are represented by the "Pve," "Neg," and "1," 
respectively. 

 
 

Table 1. Speed transmission in switching pattern for both acceleration and deceleration 

Speed 
Transmission 

Switches (S) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Vbat Pve Neg - - - - - - - - - - - - 

2 × Vbat - - Neg Pve Pve Neg Neg - - - - - - - 
3 × Vbat - - Neg Pve Pve Neg - Pve Pve Neg - Neg - - 
4 × Vbat - - Neg Pve Pve Neg - Pve Pve Neg Pve Neg Pve Neg 
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3 Analysis and Operating Modes 

An important factor to think about when constructing a 
SC converter was the equivalent resistance [19]. In order 
to keep things simple, the analysis uses voltage ratios of 
(4 ∗ Vbat). Two circuits of charging and discharging, 
shown in Fig. 3 and Fig. 4, represented the voltage ratio 
(4 ∗ Vbat). In any ith operational phase, the power loss 
[20] was given as  
𝑃ோೀೆ೅೔

= 𝐼଴
ଶ𝑅OUT೔

    (1) 

 Consider the following: Assume that the parasitic 
effects (ESR) and switch resistances on all flying 
capacitors are identical. Another point was that the filter 
capacitor capacitance (C1, C2, C3, C4) was much higher 
than the flying capacitor capacitance (C01, C02, C03, 
C04). Here was the current equation for phases φ1 and 
φ2, which was obtained by following the procedure, by 
performing nodal KCL analysis and using the charge 
balance equation in the manner depicted below [21]: 
𝐼ଵ = 𝐼ଶ + 𝐼ଷ   (2) 
𝐼ସ = 𝐼ଵ   
    (3) 
𝐼ସ = 𝐼ଵ = 𝐼଴    (4) 

 
Fig. 3. Charging state equivalent circuit (4*Vbat) 

 
Fig. 4. The discharge state equivalent circuit is (4* Vbat) 

 
 Fig. 3 and Fig. 4 are used to derive the equation for 
charging the capacitor and discharging the capacitor, 
which was presented in (5)- (8). 

𝑅஼ =
ଵ

ଶ
𝑅on +

ଵ

ଶ
𝐸𝑆𝑅    (5) 

𝐶஼ = 2 ∗ 𝐶    (6) 
𝑅் = 4 ∗ 𝑅on + 2 ∗ 𝐸𝑆𝑅    (7) 

𝐶் =
஼

ଶ
    (8) 

Equation 𝑅𝑒q. [9] was derived by combining equations 
(5) to (8), and it was stated as 

𝑅௘௤ = 𝜙௖ ଶ
ଵ

ଶ௙ೞ஼೎
coth ቀ

ఒ೎

ଶ
ቁ + 𝜙் ଶ

ଵ

ଶ௙ೞ஼೅
coth ቀ

ఒ೅

ଶ
ቁ (9) 

 For other voltage ratios, the same procedure was 
used to solve 𝑅௘௤. Table 2 provided the 𝑅௘௤ of various 
voltage ratios. 
 

Table 2. Four speed transmission’s Equivalent resistance 

Voltage Ratios 
Model,  

Req (Ω) 

Simulated,  

Req (Ω) 

1 ∗ Vbat 5.4 5.37 

2 ∗ Vbat 5.4 5.38 

3 ∗ Vbat 6.44 6.42 

4 ∗ Vbat 8.18 8.17 

4 Simulation and Discussions 

Using preexisting mechanical braking systems, this 
study merely designed the electrical speed transmission 
control [22]. Using Fig. 2 as a reference, the factors of 
the MAX4678 switches, 𝑆ଵ − 𝑆ଵସ are 𝑅௢௡ = 0.4Ω, and 
the PSIM tool was utilized to simulate and validate the 
proposed converter. For the various voltage ratios, the 
load current was range between 2 mA to 1 A at 12 V. 
The output capacitor and flying capacitor had ratings of 
220 𝜇F and 22 𝜇F, respectively, including an ESR of 100 
mΩ and 5kΩ, and the load current was range between 2 
mA to 1 A at 12 V. Table 3 displayed the results of 
comparing the model (𝑉௠), the simulated (𝑉out ), and the 
theoretical voltages (𝑉௢) of the voltage ratio. The 
following scenarios are used to run the simulations: 
 Case 1: The electronic loads are linked to the 
converter outputs designated as (𝑉௢ଵ − 𝑉௢ସ). 
 Case 2: The electric vehicle (EV) load was linked to 
one of the outputs, while the electronics load was linked 
to the remaining outputs. 
 Case 3: Voltage that was used for regeneration is fed 
back into the 𝑉௕௔௧. 
 Case 4: Every load was linked to the motor through 
𝑉௕௔௧, and the regenerative voltage was returned to 𝑉௕௔௧. 
 
 
Table 3. The outcomes of comparing the speed transmission 

of Vom, Vrat, and Vo 

Frequency 
(kHz) 

Voltage 
Ratios 

Analysis, 
Vom (V) 

Model, 
Vrat 

(Vrat) 

Simulated 
(Vom) 

100 1 * Vbat 16.16 16.21 16.16 

100 2 * Vbat 29.02 29.07 29.02 
100 3 * Vbat 39.34 39.38 39.34 
100 4 * Vbat 52.20 52.25 52.20 
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4.1 Case 1 

Here, every load on the proposed converter was 
connected to the electronic load. Fig. 5 displayed the 
voltage ripple with output voltage of the 4 * Vbat 
voltage ratio, which was 0.1 V. As demonstrated in Fig. 
6, the model values and each of the simulated output 
voltages were nearly same. Fig. 7 shown the simulated 
output voltage in 3 * Vbat, which was 39.38 V. Also, it 
was cleared that this voltage was very close to the model 
voltages. Changing the value of resistance between 1 kΩ 
and 5 kΩ in the voltage ratio 4 * Vbat shown the 
variation of load in proposed converter depicted in Fig. 
5. The proposed converter was based on results of (Vo), 
(Vm), and (Vout) values that are highly concordant with 
one another. 

 
Fig. 5. A simulated output voltage of 4*Vbat under  

different loads 

 
Fig. 6. Single Input Multi Output Direct Current-DC 

converter simulation and model voltages 

 
Fig. 7. Voltage output simulation for SIMO in 3*Vbat mode 

4.2. Case 2 

The basic E-bike's ranges were used to assume the 
current, torque, and speed parameters. When developing 
the parameters of the E-vehicle, certain assumptions 
were made. This bike had the following specs: a 3 kg 
motor/gear, a 0.5 kg controller, a 3 kg battery, and a 10 
kg rider. Consider the current values of the following 
parameters for a bicycle: Vb = 5 km/h, Fd = 13 Nm, head 
wind speed = 1 km/h, Pd = 18 W, and Pd = 20 W (with 
an additional 2 W for propulsion). Consideration of real-
time factors was made during the design of the electric 
vehicle. The EV's power and torque should not be 
assumed. Connecting the load to the motor caused the 
suggested converter to produce a simulated output 
voltage, as shown in Fig. 8. At 14.25 RPM, 12 V input, 
13.6 Nm torque, 11.98 V output, and 2.05 A load 
current, it produced efficient results. This proved that 
the suggested converter still delivers efficient operation 
even with the motor load attached. 

 
Fig. 8. An output voltage that is generated when a DC motor 

is used as a load 

4.3 Case 3 

During regenerative braking, the electric vehicle's 
energy was returned to its source through the use of the 
same converter that was suggested. This converter will 
charge the battery using various step-down voltage 
ratios, creating a buck operation. Table 4 shown the on 
and off switching pulse pattern for the regenerative 
system, and for the sake of simulation and analysis, let's 
use (0.3 * Vout) voltage ratios for the regenerative 
voltage. Assuming the regenerative voltage was not 
reached, the desired voltage Vbat should be 
approximately 12 V (12 V battery charging at a 
predetermined voltage). For battery charging, the Single 
Input Multi Output converter chosen between various 
voltage ratios. The suggested converter's simulated 
output voltage in regenerative braking was shown in 
Fig. 9. 
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Table 4. Analysis of the suggested converter's regenerative switching pattern 

Speed Transmission 
Switches (S) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 × Vbat Neg Pve - - - - - - - - - - - - 

0.5 × Vbat - - - - - Neg 1 - Neg Pve Neg - Neg Pve 
0.33 × Vbat - - - 1 Neg Pve Neg - Neg Pve Neg - Neg Pve 
0.25 × Vbat 1 - Pve Neg Neg Pve Neg - Neg Pve Neg - Neg Pve 

 

 
Fig. 9. Regenerative braking simulation output voltage 

 
 The overall efficiency of the suggested converter for 
both regenerative braking and motoring was illustrated 
in Fig. 10. Table 5 presented a comparative analysis of 
several factors in relation to previous research studies 
[23, 24]. The outcome was more efficient converter with 
reduced voltage ripple, fewer switches, and capacitors. 
Without modifying the circuit design, the proposed 
converter could also function in regenerative mode in 
addition to forwarding mode. As illustrated in Fig. 10, 
the SC converter boasted impressive efficiency when 
operating in open-loop conditions in this simulation. 
Consequently, the suggested system for manual 
transmission does not necessitate the closed-loop 
system. When it comes to Case 3, automatic switching 
might be improved with closed-loop operation for speed 
and efficiency. 
 

Table 5. Evaluation outcomes of SC speed controller 
converters 

Volta
ge 

Ratio
s 

Number of 
Regenerat

ive Capacit
ors 

Switch
es 

Inpu
ts 

Outpu
ts 

10 4 14 1 4 Yes 

4.4 Case 4 

Here, the motor load was linked to each of the output 
terminals, which had varying ratings. The motor 
terminals were used to connect all the loads, and as 
shown in Fig. 11, Additionally, these terminals were 
utilized for regenerative braking to return power to the 
battery [25]. The output 1 voltage was depicted in Fig. 
11a. In case 4, the same motor parameters are used. The 
output voltage and the model voltage were nearly 
identical in Fig. 11a. Output 1 Vbat voltage was 12 V, 
calculated as 1 * Vbat. Voltages of 24 V, 36 V, and 43 
V were also provided by the other outputs. The 
similarity between the model voltage and the vast 

majority of the output voltages was depicted in Fig. 
11(a) to Fig. 11(d). Fig. 11 also shown that the motor 
speed was adjusted based on the suggested converter 
voltage. In this case, the torque remained constant 
regardless of the circumstances. Fig. 11 shown that the 
suggested system could control the torque and speed of 
all terminals without affecting the system's efficiency or 
speed, even when parallel connections are made 
between each output port and the motor points. 

 
Fig. 10. The proposed converter's efficiency 
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Fig. 11. Parallel connected simulation results of SIMO  

DC-DC converter are displayed. (a) Output voltage 𝐟𝐨𝐫 𝟏 ∗ 𝑽bat . (b) 
Output voltage 𝐟𝐨𝐫 𝟐 ∗ 𝑽bat . (c) Output voltage 𝐟𝐨𝐫 𝟑 ∗ 𝑽bat . (d) 

Output voltage 𝐟𝐨𝐫 𝟒 ∗ 𝑽bat . 

5 Experimental Results and 
Discussions 

The proposed converter's prototype is depicted in Fig. 
12. Limitations in the switching parameters caused the 
input voltage to be nearly 5 V. Various conversions' 
regenerative and forward voltages were displayed in 
Fig. 12(b) to Fig. 12(d). Based on these findings, it 
appeared that the simulation and hardware outcomes are 
nearly identical. Research into loading and unloading 
was still in its early stages. The proposed converter is 
validated with the help of the prototype. This converter 
application is designed for electric vehicles. The 
purpose of this prototype was to test the converter in a 
controlled environment. It evident from Fig. 12 that the 
suggested prototype model for the Single Input Multi 
Output DC-DC converter yields satisfactory results 
when compared to the simulation outcomes. 
Furthermore, future research will determine whether the 
same converter can be utilized for electric vehicle 
applications. 

 
 

 
 

 
Fig. 12. Results from Single Input Multi Output  

DC-DC converter experiment. (a) The prototype of  
Single Input Multi Output Direct Current-DC converter.  

(b) Voltage forwarding of Vbat. (c) Voltages of 4Vbat for 
forwarding and regeneration 

6 Conclusions 

Electric vehicles (EVs) can achieve greater acceleration 
and deceleration with the help of the suggested speed 
transmission system. Regenerative braking employs 
acceleration or deceleration to recharge the battery; it 
was controlled by the transmission control as well. To 
further guarantee that the suggested system provides 
maximum efficiency and effective braking actions, 
modelling, simulation, and analysis are employed. 
Eleven switches and four capacitors make up the design 
of the four-transmission speed control. With the bicycle 
load, the suggested system achieved an efficiency of 
over 90% at 13 RPM and 15 Nm of measured torque. 
Not only that, but the suggested converter has dual 
compatibility with battery and fuel cell systems. The key 
benefits of this system were that it could use various 
capacitor charging operations and switching patterns to 
achieve transmission speeds that were one to three times 
the input voltage. 
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