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ABSTRACT: In this paper we describe about the different cascaded multilevel topologies for utilizing the braking 
energy during regenerative braking with the help of super capacitor to dc bus in the regenerative applications. It is 
highly used in the high power application for the energy storage purpose. Super capacitors are chosen highly because of 
high density, efficiency and long life cycles. The modular multilevel dc/dc converter (MMC) is used to reduce voltage 
and increase frequency across the inductor in order to reduce the weight and size of the inductor with phase shifting 
modulation. It uses bi-directional power source and converter. The super capacitors are used for voltage balancing for 
output current control. The proposed system is plays an important role in hybrid and electric vehicle applications. 
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I. INTRODUCTION 
 

Regenerative brake is an energy recovery mechanism during braking operation it slows a vehicle by 
converting kinetic energy into another form of energy, which can be used immediately or stored in energy storage 
system [1-3]. This contrasts with the conventional braking mechanism, where the excess energy is converted to heat by 
friction in the brake and wasted. Regenerative braking is one of the type electrical braking which is used in electric 
traction and hybrid in order to utilize the braking energy [4]. During braking operation the energy dissipated in resistor 
or stored in different systems such as batteries, capacitors or super conductive magnets [5]. Instead of that super 
capacitors or chosen for the simplicity and high power capability. Super capacitors are the energy storage devices they 
store energy in the form of electric field. Super capacitors are used as power sources, in front of batteries [6]. So they 
are best placed in applications where high power levels are needed during a short period of time from milliseconds to 
few hundreds of seconds [7]. Utility applications include uninterruptible power systems or utility voltage stabilizers in 
wind farms or photovoltaic (PV) plants [8].    

 
 
 
 
 
 
 
 
 
 

Fig.1. Topology and typical current waveforms for an HB converter. (a)Topology of the HB converter connecting two 
voltage sources. (b) Typical current waveforms for an HB converter 

In mobile applications, Super capacitors are connected with the batteries in order prevent from the damage 
during overvoltage condition, super capacitors will provide the balanced voltage and degraded the life of the battery 
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and increase the efficiency of the system [9]. It is also used to provide instant power whenever it is demanded. In these 
applications, SCs provide constant power and batteries’ constant energy [10]. However, if the batteries are connected in 
parallel with the super capacitor directly it may cause many drawbacks. The energy flow cannot be controlled in the 
parallel connection and also the voltage at which the capacitors are connected will be almost constant [11]. Therefore 
the super capacitors are not used as energy source, but they are used as decoupling capacitor. In order to control the 
energy flow and achieve the energy management converter has been used.  

 
Super capacitors are low voltage devices. Super capacitors are used in high power applications. To achieve 

high voltage in the traction applications large number of cells is connected in series [12]. The series connection of the 
cells may cause voltage imbalance in the system due to the capacitance difference in the each cell connection because 
of common series current. The voltage imbalance may cause destruction to the cell or premature failure of the super 
capacitor [13]. On the other hand, instead of series connection we can use the parallel connection. But the parallel 
connection there is one disadvantage it requires some voltage adaptation [14]. The voltage adaptations are used in order 
to connect super capacitors to the high-voltage dc bus. Voltage adaptation can be achieved using bidirectional boost 
converter, but the inductor size will be high in needed [15]. By using multichannel interleaved converters, the size of 
inductor can be reduced and efficiency can be increased if the discontinuous conduction mode is used. DC/DC 
bidirectional transformer isolated converters are also used [16]. 
 

 In the HB converter the inductor is connected between two switches. The super capacitors are low voltage 
device. They are interfaced with the modular multilevel dc/dc converter in order to maintain the power constant [17]. 
The super capacitors are used achieve high power with short period of time. The inductor size and weight will be 
reduced with the help of modular multilevel dc/dc converter and the power flow will be controlled. The converters are 
used to operate at low voltage level with high frequency with the inductor current ripple. 
      

II.CASCADED AND MMC 
  

 In the regenerative application the two quadrant dc/dc converter is used with battery. The battery is interfaced 
with the super capacitor during the breaking operation the energy will be flown to the battery through the super 
capacitor in order to maintain voltage balancing. Thus the converter is used to control the power flow and prevent from 
the damage. During traction mode the energy stored in the battery will be taken. It will be flown from the battery to the 
load. The super capacitors are used to maintain balancing condition during charging and discharging condition. In the 
some system authors have described about the cascaded connection of flying capacitor and h bridge converter. In the 
proposed system we have used HB converter which is shown in the figure 1 with its current waveforms.  

 
 A.HB Converter 

In the HB converter we have used two switches which is operated according to the required condition. In the 
buck mode the switch S1 will be operated where the output voltage will be less than the input voltage. In the boost 
mode the switch S2 will be operated where the output voltage will be greater the input voltage. Thus the voltage U1 
and U2 is connected through the inductor L. The HB converter is bidirectional in current so the current control loop has 
been used. In the proposed system the voltage is irreversible, and the equation for the two voltages U1 and U2 is given 
in the equation 1. The equation for the two currents with respect to duty cycle is shown in the equation 2. The equations 
are given on the basis of the continuous conduction mode of operation. 

 
U2=D∙ U1                                       (1) 

 
I1=D∙I2                                           (2) 

 
Where U1 and U2  are the voltage levels in each side connected in the converter with respect to the duty cycle 

limit given by 0 ≤ D ≤ 1, thus I1 and I2 are the two currents of the converter the current waveform of the converter is 
shown in the fig1(b) there is a severe ripple at the  voltage side U1. The super capacitor of the dc bus can be connected 
voltage side either U1 or U2 in order to maintain the dc bus voltage constant. In the regenerative application the super 
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capacitors are used to maintain voltage constant due to changes in the voltage. It is helpful in storing and releasing of 
the energy stored in the battery based on their requirement.  
     

 When the super capacitors are connected to U1, the converter is said to work in the buck mode. During this 
mode, it reduces the output voltage which is lesser then the input voltage. When the voltage source U2 is connected, 
then the converter works in the boost mode where the output voltage will be greater the input voltage. Due to the 
constant operation the super capacitor is maintained at low current inorder to increase the efficiency of the system. In 
order to maintain the stability SCs are operated between the rated voltage to half rated voltage. 
                                    

IDC=I2=IL                                    (3) 
 

The equation for current through is given in the equation 3. During the boost mode the super capacitors will be 
fully charged at the initial condition which is equal to the dc bus voltage. When the energy stored in the super capacitor 
is discharged the voltage will be reduced to half of the rated dc bus voltage with the duty cycle of 0.5. 
                    
  
 
 
B. Cascaded Buck converter  

     Thus the cascaded buck converter is connected with the series connection of the HB converter. In this mode 
the converter is connected at the low voltage side U2, when the super capacitors are connected at the high voltage 
sideU1. Where the SCs get fully charged at the condition Uscn = 2 Udc/N, where N is the number of the series 
connected modules. 
               
 

                      
  
C. Cascaded Boost converter 

     Thus the cascaded boost converter is connected with the series connection HB converter. In this mode the 
converter is connected at the high voltage side U1, when the super capacitors are connected at the low voltage side U2. 
Where the super capacitors are half charged at the condition Usc = Udc /2, with the duty cycle of  0.5 it has maximum 
ripple inductor current . 

 
 

 
              

 
D. Modular Multilevel DC/DC converter 

 The modular multilevel DC/DC converter is shown in the figure 2(c). It is made through the series connection 
of HB converters. Due to the presence of the super capacitor and battery they are used in the high power application. 
The converter is operated unique due to the cascaded connection. If the converter is connected in series connection then 
it cannot be operated unique. Thus the modular multilevel dc/dc converter proposed in the paper, it depends on the each 
switching state of the HB converter with the phase shift modulation. . Each HB has a Uscn = Usc/N voltage level. Thus 
the frequency of the inductor is N times of the HB switching frequency Feq = N. FS, and the voltage applied at the 
inductor is given as USCN. In the phase shift modulation triangular wave is used as carrier wave compared with the 
reference wave of the output and makes the dc/dc converter to be operated with shift angle of 360./N with respect to the 
next HB converter cascaded. 
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Fig 2 Cascading operation (a)buck mode (b) Boost mode (c) MMC converter 

 

  
E. SC Considerations: Input Filter 

As said previously, SCs can be connected in the high voltage side U1 or in the low-voltage side U2. When 
connected to the low-voltage side U2,the inductor and SC current ripple is smaller compared with when connected to 
the high-voltage side U1. SCs cannot attenuate high-frequency currents. They behave as a resistor for frequencies 
above 100 Hz [28]. Therefore, when connected to the high-voltage side, filters must be installed [8]. LC filters are used 
because of low losses and simple design. CBk and modular multilevel dc/dc converters need filters for SC current. Fig. 
5 shows the LC filter used to filter input currents in SCs. An attenuation of approximately −30dB can be easily obtained 
with an Lf of 1% of the HB one-level converter inductor, and a filter capacitor C for a cut off frequency five times 
smaller than the switching frequency. When using filter in the SCs in the CBk and modular multilevel dc/dc converter, 
losses in SCs are reduced by a factor of D, but the inclusion of this filter can cause input disturbances to the controller. 

                         
III. BLOCK DIAGRAM 

 
During the breaking operation the energy will be flow from the load to source and energy is stored in the 

battery and the super capacitors are used in the voltage balancing. In order to control the fluctuations the converters are 
used by cascaded condition. The HB converters are used as buck and boost converter. 
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Fig. 3 Block Diagram of Modular Multi Level DC-DC Converter 

  
During buck mode switch S1 is turned on and connected to the low voltage side. During boost mode the 

switch S2 is turned on and connected to the high voltage side. The PWM modulation strategy with the triangular wave 
is used for the phase shift modulation for controlling the operation of the converter with the help of current control loop. 
In the buck mode in super capacitors are charged half with the duty cycle 0.5. In the boost mode   the super capacitors 
are fully charged.  In the proposed system four HB converters cascaded and connected to the single inductor by using 
this condition the inductor size and weight of the inductor is reduced. Fuzzy logic controller is used in the proposed 
system in order to increase the stability of the system. By using the super capacitor balanced voltage is given to energy 
storage system and used when it is needed. In order to equalize the energy stored in the super capacitor. The voltage at 
the super capacitor will be controlled at the same value with the help of converter control. 
 

IV. SIMULATION AND HARDWARE CIRCUIT DESIGN 
 

The simulation result for design and control of modular multilevel dc/dc converter for the regenerative 
application is shown in the Fig 4. In the existing system they have used PI controller in the current control in order to 
increase the stability and efficiency of the system fuzzy controller is used in the current control loop. The HB converter 
has used  two MOSFET for  switching where the switch S1 will be operated during the buck mode and the switch S2 
will be operated during the boost mode. Likewise many number of the HB converter is cascaded.  The proposed model 
reduces the size and weight of the inductor by using phase shifting modulation. A phase shifting modulation is used to 
allow the low voltage and high frequency to be applied across the inductor to reduce the size. The Super capacitors are 
used to maintain the voltage at the balancing in order to increase the life of the battery and prevent from the damage. 
Super capacitors are used for the high power applications. The energy stored in the battery are used whenever it is 
required.  
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Fig 4  simulation diagram 
  
Simulation Results     

 
Fig4(a)output voltage and output current 
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Fig 4(b) output voltage of each HB converter 

 
 

 
 

                       
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig 5 Hardware design 
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V. CONCLUSION 
 

 The proposed system can be used for both regenerative and the solar power applications. The main thesis of 
my project is to reduce the size and weight of the inductor by using the phase shifting modulation. The converter circuit 
is used to control the power flow and batteries are used to store the energy. The voltage balancing can be achieved with 
the help of the super capacitors in order to maintain the power constant at the battery. A phase shifting modulation of 
the modular multilevel dc/dc converter is used to operate for low voltage level with the high voltage applied across the 
inductor and to maintain the current ripple. The balancing loop used in the system helps to maintain the voltage balance 
during charging and discharging.                          
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