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Abstract 

 In most renewable energy systems, energy storage is a concern for self-sufficiency and 

flexibility in energy management. It improves the electricity quality and reliability by storing 

extra energy during off-peak periods and releasing this energy whenever required. These 

energy storage system are required to responds as per the demand to ensure smooth operation 

during peak load time and outage. Therefore it is necessary to install a bidirectional converter 

between the energy storage system and point of common connection to the grid. To interact 

with a grid, this bidirectional converter must meet numerous characteristics, including 

bidirectional power flow capabilities, high efficiency, and high quality power conversion. 

Bi - directional DC-DC converters are primarily categorised into two types: isolated 

converters and non-isolated converters. Isolated converters, such as phase shifted full bridge 

converters, are popular because they may accomplish gentle switching over a large load 

range by using the transformer's leakage inductance. They do, however, have downsides 

such as large circulation currents, high voltage stress across the output diodes, and low 

efficiency when the output voltage is high. Non-isolated DC-DC converters achieve high 

voltage gain, reduced size, weight and volume due to absence of a high frequency 

transformer. Because of its simple layout, the basic buck–boost converter is suited for low 

power levels. However, the voltage gain of a typical buck–boost converter is limited and 

suffers from difficulties such as excessive reverse recovery, conduction losses, and high 

voltage stress on semiconductor components. To address these restrictions, many non-

isolated bidirectional DC-DC converter (BDC) topologies have been developed, including 

cascaded BDC, coupled-inductor-based BDC, switched-capacitor-based BDC, interleaved 

BDC, and multilayer modular BDC. 

When two or more conventional buck–boost converters are cascaded, a wide 

conversion ratio is attained while current ripple is minimised. However, because there are 

more power devices, diodes, inductors, and capacitors that do not have voltage stress 

reduction, its robustness suffers, limiting its application at high voltage. Coupled-inductor-

based BDCs can deliver high output voltage while maintaining a low duty cycle and 

reducing voltage stress across the switches. Furthermore, the primary switch and output 

diodes may work with zero-current switching (ZCS). In general, the output diode in linked 

inductor converters faces significant challenges like voltage stress and leakage inductance, 

which causes high-voltage surges on the primary side during turn-off. As a result, coupling 



 

x 

 

inductor topologies are inappropriate for high-power applications. The switched-capacitor 

converter is more efficient and has a larger boost/buck ratio; nevertheless, it requires huge 

number of switches. Furthermore, high-current pulses arise as a result of capacitors with 

varying voltages being linked in parallel at each switching moment. This may limit the 

power output available for switched-capacitor converter applications. Interleaved BDCs 

operated in discontinuous current mode (DCM) are often utilised in high-power applications 

and to further reduce the converter's input current ripple. Furthermore, because the inductor 

current grows from zero, switching in every cycle can automatically achieve ZCS turn-on 

conditions. The presence of an additional transformer to obtain high voltage gain is the 

primary disadvantage of this converter. Modular multilevel BDCs are designed to fulfil the 

demands of high power, high voltage, and various input/output applications. The 

fundamental drawback of these configurations is the power device's hard-switching and the 

absence of power control strategy in many network connection scenarios. The switching loss 

increases with the number of modules, reducing its performance in high-power applications 

significantly.   

In this research work four bipolar bidirectional DC-DC converter topologies are 

proposed for battery energy storage system for regulating the power flow for both low power 

and high power applications to achieve the high voltage gain along with reduced voltage 

stress, inherent voltage balance at the bipolar DC micro grid, low switching losses resulting 

in high efficiency. A soft switching technique with series connection of modular 

bidirectional DC converters, interleaved switched capacitor technique, half bridge converter 

with L-C resonant technique and coupled inductor and switched capacitor technique are 

implemented for achieving high voltage gain along with reduced voltage stress and reduced 

current ripple. Detailed mathematical analysis, modelling and simulation results are 

presented for all the proposed topologies for various operating conditions. To validate the 

proposed topologies, experiments are performed on the lab-scale prototype for all feasible 

operating conditions, and results are obtained for the converters with different load 

variations. Based on the analysis of both simulations and experimental results, it is observed 

that the proposed bipolar bidirectional DC-DC converter topologies accomplish a decrease 

in input and output current ripple and capacitor voltage ripple, reduction in voltage stress 

across the switching device, offer high voltage gain along with the DC-link voltage balance. 

Detailed analysis of the proposed converter topologies with the simulations and 

experimental results are presented in various chapters of the thesis.  
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Introduction 
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1.1. Introduction  

 

Renewable energy has a huge potential scope to grow over a few decades due to 

advancements in the fabrication of solar panels, semiconductor technology, digital signal 

processing techniques and policies. The primary reason is the availability of renewable 

energy sources over a wide geographical area where as fossil fuel is limitedly available in 

few countries.  The dramatic growth in the renewable energy share is expected by 2030 to 

ensure energy security. The growth in the renewable sector will eventually reduce air 

pollution and the premature mortality from the intoxication of the high carbon dioxide 

concentration [1]. Out of the various renewable energy sources, the solar photovoltaic 

energy systems are growing rapidly throughout the world. The installed capacity has reached 

600 GW in 2020 [2]. With the massive improvement in materials used for development of 

solar cells and fabrication technologies, the cost of photovoltaic panels is reducing day by 

day. It is expected that, in every five years, the installed capacity will be double the prior. 

[3] At present, 2% of the total load demand in the world is supplied from solar energy [4]. 

Furthermore, cars driven by internal combustion engines have very low fuel economy, and 

the burning of hydrocarbon fuels in these vehicles emits a large amount of poisonous gas. 

Aside from the energy and heat producing industries, the large number of cars utilized in 

and across the world in the transportation sector is a main cause of air pollution [5].  

 

To address this issue many countries have set targets to reduce the production and 

sale of petroleum fueled vehicles by incorporating electric vehicles. As a result the need for 

establishment of solar charging stations is growing. To ensure reliable electrical energy in 

the solar photovoltaic electrical energy generating stations with energy storage systems in 

the area of AC and DC micro-grids and electric vehicle charging stations, the need for 

effective and efficient energy management is required. To address this issue a bidirectional 

DC-DC converters at the battery energy storage system play a crucial role in unipolar DC 

grids and bipolar bidirectional DC-DC converters in bipolar DC micro-grids. Further the 

design of high voltage high power DC micro-grid systems require an appropriate DC-DC 

converters. The power semiconductor devices have some limitations with respect to voltage 

rating, control techniques and converter topologies and components required for fabrication 

of these bipolar bidirectional DC-DC Converters. The various issues related to these are 

explained in detail in this chapter. 
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Due to the constraint of semiconductor device voltage rating, switching frequency, 

and affordability multilevel converters were being frequently employed in high-voltage, 

high-power photovoltaic systems. Multilevel inverters reduces harmonic distortion, require 

a smaller output filter with higher power density. Another significant benefit seems to be 

voltage stress on the switches is minimized, allowing a high-voltage, high-power converter 

to be fabricated using lower voltage rating semiconductor components. Fig 1.1 depicts a 

typical bipolar power conversion system with renewable energy applications, which 

includes two-stage AC-DC and DC-DC converters linked by a high voltage DC-link [6]. 

 

 

Fig. 1.1 Electrical power system using two stages and renewable energy systems [6] 

 

Fig 1.2 depicts the state-of-the-art high power semiconductor device ratings. A single 

IGBT module can only take a few kilo volts of power. Other higher voltage rating devices, 

such as GTO, have the voltage and current ratings of up to 12kV and 1500A respectively. 

However their operating frequency is limited to 500 Hz. To achieve larger voltage 

requirements, the power semiconductor devices can be connected in series however the 

voltage unbalance issue arise between the devices due to parameter mismatches. As a 

consequence, it is difficult to meet the high-voltage, high-power density criterion [7]. The 

concept of bipolar converter topology with neutral point-clamped (NPC) three-level inverter 

was proposed by Nabae in [8]. Reduced voltage stress on switches, lower EMI, and less 

harmonic distortion are all advantages of this bipolar converter.  A three-level NPC leg in 

DC-DC converters with galvanic isolation in their DC-DC converter applications using NPC 

architecture was proposed by Pinheiro and Barbi in [9].   

AC Grid

V ac-line

AC/DC

DC-Link

DC/DC

+

-
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Fig 1.2 High voltage device rating at the cutting edge of technology [7] 

 

A bidirectional flying capacitor converter to manage the charge and discharge 

current in a hybrid fuel cell power system was proposed by Ruan in [10], Utilization of 

bipolar boost converters for high power and high voltage applications, as well as the use of 

bipolar bidirectional DC-DC converters in renewable energy systems with bidirectional 

power flow was proposed in [11], [12]. A generalized bipolar converter topology is 

presented which can independently balance each DC voltage level without the additional 

circuits are proposed in [13]. A systematic technique for deriving a series of six non-isolated 

three-level DC/DC converters from typical buck and boost converters such as buck, boost, 

buck-boost, Cuk, SEPIC, and zeta was proposed by Ruan in [14].  

 

Fig 1.3 shows a conventional DC micro-grid structure consists of a distributed 

generating unit, a battery storage unit, a load cell, and a grid-connected converter [15]. DC 

micro-grid technology focuses on ensuring the system's power balance by stabilizing the DC 

bus voltage. Incorporating energy storage technologies can enhance the device's voltage sag 

and the inrush current difficulties caused by load-switching, fluctuations in natural 

circumstances, and instantaneous failures in DC micro-grid systems, improving the 
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dependability and scheduling flexibility of the distributed generation grid link. Due to 

technical lag, packet delay, low bandwidth communication control lowers the system's long-

distance reliability and DC micro-grid distribution. To mitigate the danger of high 

transmission control, each unit is separated into three control layers based on the normalized 

voltage of the DC bus and synchronized integration of individual units [16]. When compared 

to a uni-polar converter, the bi-polar converter has only half of the switches changes their 

state in every cycle, and the voltage stress on the switch is half of  the bus voltage [17], [18]. 

 

 

Fig 1.3 A conventional DC micro-grid structure [15] 

Bi-DC/DC- Bidirectional DC-DC Converter 

 In bidirectional DC-DC converter plays a major role in the DC micro-grid system 

with battery energy storage. Many applications, necessitates a high-voltage and high-power 

bidirectional DC-DC converter. The standard uni-polar bidirectional DC-DC converter 

architecture, is not appropriate for high-voltage and high-power applications. Therefore a 

bi-polar topology with simple configuration, high efficiency, stability offer a modular 

structure. The isolated [19] – [22] and non-isolated [23] – [25] bi-polar bidirectional DC-

DC converter configurations are most commonly used in DC micro-grids. When employing 

input parallel, output parallel (IPOP) configurations require a modular bidirectional DC/DC 

converters at battery end. However these configurations suffer with current sharing problems 

across the units. The voltage equalization concern must be resolved when using input series, 

output series (ISOS) configuration. Whereas while using input parallel, output series (IPOS) 
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or input series  output parallel (ISOP), both current sharing and voltage equalization 

concerns play  a crucial role [26], [27].  

 

In order to control the DC bus voltage and also transfer of energy, converter at 

storage system need to be switched ON and OFF at regular intervals, which may exceed the 

maximum permitted number of charge-discharge cycles and cause  reduction in   service 

life. To achieve a lower voltage variation and power variation in the DC micro-grid and to 

supply low cost electric energy for a large grid, it is required to measure and assess the 

optimum solution through voltage fluctuation level assessment [28] - [31]. 

 

1.2. Literature Review 

 

  Several researchers have proposed various bidirectional DC-DC converters for 

energy storage systems for effective and efficient energy flow between grid and energy 

storage system by addressing various issues. To decrease stress on power devices with 

varying component counts, the converters operate at different power levels and employ 

different switching techniques. Detailed literature review on the various power electronic 

converter topologies is given below. 

 

Bidirectional DC-DC converters 

 

Because the operation of a renewable energy system fluctuates due to fluctuations in 

temperature, a bidirectional dc to dc converter is used as a vital component for linking 

storage devices between a renewable energy system's source and load for continuous power 

flow. A vast majority of bidirectional DC-DC converters (BDC) on the market are either 

current or voltage fed [32]. BDCs are classified as buck or boost depending on the location 

of an auxiliary battery storage. Battery technology is located on the high voltage side in the 

buck type and on the low voltage side in the boost type. Various DC-DC converters are 

being used to modify the input voltage depending on the desired application. In general, 

there are 2 kinds of BDCs: non-isolated and isolated. The boost kind and buck kind DC-DC 

converters are frequently used in transformer-less non-isolated energy conversion systems. 

To provide isolation between the source and the load side, a high frequency transformer-

based system is a viable option. When an extremely high step-up or step-down ratio is 

desired, isolation is necessary. However, the non-isolated kind is far more appealing in terms 
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of efficiency, size, weight, and cost. As a result, in high-power or spaceship power system 

applications where weight and compactness are critical, the transformer-less variant is 

desirable. 

 

1.2.1 Isolated Bidirectional DC-DC Converters 

 

In low voltage and significantly higher current applications, such as solar, fuel cell, 

or battery energy storage systems, galvanically isolated DC–DC converters with a current-

fed (CF) port are a formidable rival to traditional voltage-fed (VF) converters [33]-[36]. The 

constant input current of CF converters allows for more efficient functioning of such systems 

[37]-[39]. Furthermore, the intrinsic boost capability provides for reduced isolation 

transformer design requirements [40] and greater voltage regulation capability [41]. Other 

benefits include decreased RMS current stress in the switches and readily achieved high part 

load efficiency [42]-[44]. Although VF DC–DC converters have received significant 

attention in research and industrial applications over the last few decades, further 

enhancements and soft switching capabilities for CF converters are still being pursued 

[45],[46]. Clamping is required in galvanically isolated CF topologies to prevent voltage 

overrun throughout the switching devices. Many soft-switching CF-based DC–DC 

converters employ passive clamping devices or diodes in series with switching devices [47], 

resulting in considerable losses in situations with relatively large input currents.  

 

Active clamp circuits (ACC) for full-bridge converters were presented in [48], along 

with shifting controllers; symmetrical control techniques have been proposed in [49]. The 

ACC is used to produce zero voltage switching (ZVS) conditions for primary transistor 

switches, as well as to alleviate the problem of voltage overshoot. In [50], a half-bridge 

function as a voltage doubler rectifier (VDR) circuit was suggested for significant step-up 

applications. The bidirectional full-bridge version, described in [51], employs the ACC and 

phase shift control, and achieves excellent peak efficiency in both directions of power flow.  
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Fig.1.4.Conventional full-bridge bidirectional DC–DC converter. [48] 

 

 

Fig.1.5.Bidirectional DC-DC converter topology: with an active clamp circuit [52] 

 

In [52] introduces a bidirectional design with a half-bridge voltage source 

component. Because it cannot use the same phase-shift approach, it is recommended as hard-

switched while working in buck mode. To solve the problem, partly soft switching 

employing duty cycle shift (DCS) control [53] in conjunction with synchronous rectification 

(SR) might be used. The ACC, on the other hand, enables the maximum current via the CF-

side switching devices and a transformer to be greater than the input current, resulting in 

higher conduction losses [54]. Various approaches have been taken to solve this issue, 

though at the expense of increasing component count and complication [55],[56].  
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In [57], an unique snubber-less intermediate modulation-based (SMB) control 

strategy for the half-bridge CF converter was invented, which has been mainly added to a 

family of bidirectional converters [58] based on operating clamping by secondary side active 

switches, allowing ZVS of all switches to be achieved without extra clamping circuits. In 

[59], this method was used to a converter with a half-bridge on the voltage source side. To 

successfully regulate the topologies, the transformer's leakage inductance must be carefully 

structured (possibly by an external inductor). Furthermore, the topology switches have very 

large peak currents, particularly during load variation operations. In [60] describes a version 

of this approach that is based on the resonance effect between both the leakage inductance 

and the MOSFET's drain-to-source capacitance. The approach has been used effectively to 

several bidirectional converters [61]. The primary challenges are related to constituent 

parameter incompatibility, non-linearity for practical components, substantial oscillations, 

and the requirement for variable frequency management. 

 

1.2.2 Non-Isolated Bidirectional DC-DC Converters 

 

The non-isolated half-bridge BDC topology consists of a boost converter and a buck 

converter interconnected in anti-parallel [62]. To transmit power in both directions, it may 

function in either synchronous buck or boost mode. By changing the diode with an additional 

switch, the bidirectional topology [63] may be produced from the basic inverting buck-boost 

architecture. By cascading the buck converter and the boost converter, the topologies 

[64],[65] may be produced. This topology works throughout all four quadrants of the v-i 

diagram. It can do step-down and step-up operations in both directions. The most adaptable 

architecture is cascading buck-boost BDC. However, it has numerous disadvantages, 

including a rise in the number of power switches, which results in a more complicated 

control scheme and controller design, as well as increased turn-on losses due to the reverse 

recovery problem of transistor body diodes. By substituting the primary diode with a 

MOSFET, the bidirectional Cuk converter structure [66], [67] is developed from its standard 

unidirectional Cuk converter. Because of the reduced ripple in the input and output currents, 

the bidirectional Cuk converter is an excellent choice for applications such as battery 

equalization [68], ultra-capacitor-battery interface circuits [69], and bidirectional converter 

to control power flow and ensure the integrity of batteries. Inductors L1 and L2 can be 

connected together to reduce input and output current ripple. The voltage output could be 
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greater or lower than the input voltage in both the ways since the Cuk converter is basically 

a series-connected boost and buck topology with the capacitor C.  

 

 

Fig.1.6 Non-isolated Bidirectional DC-DC Converter Topology 
 

A bidirectional SEPIC/Zeta DC-DC converter's basic architecture design acts as a 

standard SEPIC converter for forward power flow and as a Zeta converter for backward 

power flow [70], [71]. It's essentially a Cuk converter reorganisation. The output voltage of 

a SEPIC/Zeta converter can be higher or lower in both directions, but the polarities of the 

dc bus stay constant. [72], [73] suggest an improved BDC that uses a linked inductor of the 
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same winding turns on the essential and auxiliary sides. Over a typical half-bridge 

bidirectional converter, the suggested converter provides benefits such as larger step-up and 

step-down gains and a significantly lower magnitude of switching current. The suggested 

BDC with tapping inductor in [74] provides a high step-up ratio, eliminating the active 

switch's severe duty cycle as well as the large peak currents in the active and passive 

switches. In addition, a reduced step-down ratio is attained. In several applications, the 

polarities of dc bus voltage is inverted with regard to a common ground. When it is necessary 

to implement the DC-DC converter using Integrated Circuit (IC) technology, switched 

capacitor (SC) BDCs [75] are usually utilized. Because no magnetic equipment is required 

in any of those converter, IC manufacturing prospects seem promising.  

 

Many approaches for operating switches and switching patterns for power 

conversion have been presented, beginning with the notion of employing simple switched 

capacitor cells in filter design. Every capacitor in the converter is essentially charged from 

supply or second capacitor. Moreover, switched capacitor converters have poor regulation 

capabilities, its voltage conversion ratio is governed by the circuit architecture, and 

significant input current ripple that causes Electromagnetic Interference (EMI). The majority 

of these issues may be resolved by incorporating a current control system and a voltage 

control strategy, which will alter the capacitor's charging trajectory. It does, however, 

increase conversion complexity and expense. The main characteristics of all converters are 

high efficiency, dependability, and a simple control approach. Soft-switching technologies 

are becoming more widespread and are being employed in non-isolated BDCs due to the 

limited efficiency of hard-switching converters. Soft switching maximises efficiency by 

reducing power loss and allowing for downsizing and weight reduction. However, it 

complicates the design and makes controlling and tuning the controller parameters more 

difficult. 

 

 Half-bridge single-phase bidirectional converters incorporating additional 

ZVS/ZVS circuits are the most common types [76],[77]. Other types of converters, such as 

the Cuk converter, the SEPIC/Zeta converter, as well as the switched capacitor converter, 

may feature resonant circuit design with active clamps. The most frequent topology is an 

interleaving half bridge topology. This design provides high voltage gain, highly efficient, 

with minimal input current ripple while using smaller inductor and capacitor sizes, making 
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it less expensive than traditional BDCs. An interleaved converter's power inductors can be 

connected either directly or inversely. Inverse coupling decreases phase current ripple while 

increasing transient response. 

 

Bi-polar Bidirectional DC-DC Converters 

 

The bidirectional DC-DC converter provides an interface between both the energy 

storage units and the DC bus and must allow energy to flow in both directions. When the 

renewable energy sources exceeds the energy associated with the system, the bidirectional 

DC-DC converter charges the energy storage unit. When the generated energy is 

inadequate, the energy storage provides energy to the load and maintains the system's power 

balance. Various multi-input-single-output configurations are presented in [78]-[82]. Those 

converters are simple and efficient when compared to traditional topologies. Consequently, 

these converters cannot be used for bi-polar DC micro-grid applications since they require 

dual output with three output terminals. Furthermore, many of these converters consider 

output voltage control impossible in the event of an outage or non-operation from one of 

the input sources. 

 

 Several single-input multi-output converters have been suggested in [83]-[85]. 

Most of these converters feature lower switching devices, higher power density as well as 

efficiency, and are also suited for bipolar DC micro-grid applications. Most converters, 

therefore, cannot merge multiple renewable energy sources. Furthermore, most of these 

converters generate numerous independent outputs and thus cannot be used for bi-polar DC 

micro-grid applications that need two series-connected outputs. Because they contain 

series-connected outputs, the converters in [86], [87] are small, effective, and well-suited 

for bi-polar DC micro-grid applications. However, they are high-gain multi-output DC-DC 

converters with additional devices or circuits that are unnecessary for low-voltage bi-polar 

DC micro-grid applications.  

 

Several multi-input-multi-output DC-DC converters are presented in [88]-[90]. 

Apart from [91], all other converts feature series-connected outputs and only one inductor. 

As a result, these converters are suitable for low-voltage bi-polar DC micro-grids and are 

reasonably small and efficient. Moreover, because the converter in [92] is bidirectional, it 
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is not suitable for integrating just renewable energy sources. Although converters in [93]-

[95] are unidirectional, they employ a large switching devices to provide numerous outputs, 

significantly reducing efficiency. More inductors are used in the converter in [96]. Because 

of the reduced blocked voltages of the switching devices, traditional bidirectional bipolar 

DC-DC converters can minimize switching losses, and switching devices with a low rated 

on-state resistance may be used in high voltage and power bidirectional converter [97]. The 

disadvantage is that while running with a high voltage-gain, most switching devices reach 

a period of severe duty cycles. 

 

 As a result, a new type of transformer-less bidirectional DC-DC converter with a 

high voltage-gain and the ability to operate with non-extreme duty cycles which might be 

appropriate for hybrid vehicle applications. With shipboard electric distribution networks, 

a transformer-less bi-polar DC-DC Buck converter with a significant step-down conversion 

ratio is currently suggested [98]. Furthermore, the power switches' non-extreme duty cycles 

may be regulated by selecting appropriate double modulation waves. Furthermore, the 

switching devices with non-extreme duty cycles may be regulated by selecting appropriate 

double modulation waves. Similarly, [99] proposes a hybrid boost bi-polar DC-DC 

converter with a high step-up conversion ratio for solar systems, which can function with a 

50V DC input and a 600V DC output.  

 

1.2.3 Isolated Bi-polar Bidirectional DC-DC Converter 

 

When compared to the two-level converter, the three-level converter works about 

half of the switches in one cycle, thus reducing switch voltage stress [100].The basic purpose 

of a high-frequency transformer is to attain galvanic isolation of both the DC bus and energy 

storage elements, thereby reducing electromagnetic interference (EMI); to modify the 

voltage conversion limit; to modify transformer leakage inductance and main switch 

parasitic capacitance resonance, so that soft switching with IGBT is easier, thereby 

improving converter efficiency. Fixed-frequency pulse width modulation (PWM) and 

frequency modulation (FM) modes are used in the isolated three-level bidirectional DC/DC 

topology modulation. Frequency modulation complicates the architecture consists of 

magnetic components, the controlling circuit, and the filtering circuit, and also the gain is 

substantially impacted by the load because when switching frequency deviates from the 
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nominal value. Fixed-frequency modulating reduces the complexity of resonant 

components. Because when switching frequency is identical to the resonant frequency, the 

load has no effect on the gain. Soft switching necessitates a suitable switching current and 

dead time, however the dead time is too long, increase the voltage and current fluctuations, 

and also the dead time must be restricted to an acceptable range. 

 The high-voltage side switching devices in [101] uses pulse width and amplitude 

modulation, as well as the resonant tank voltage amplitudes are modulated. To fulfil the 

needs of energy storage device voltage, high gain mode, medium gain mode, and low gain 

mode are employed. The high-voltage side network uses bi-polar modulating in the forward 

power transmission, while the low-voltage side component is in an uncontrollable 

rectification condition.  

As illustrated in Fig 1.7, the high-voltage side switching devices in [102] create a bi-

polar structure, whereas the low-voltage side switching devices adopt a buck/boost circuit 

parallel configuration. When transformer leakage current control is applied to a conventional 

pulse width phase shift modulation (PPS), and the peak current, voltage, and losses are 

minimized. ZVS soft switching is implemented in all switching devices. The transformer 

loss is considerably decreased, and overall efficiency is increased, thanks to the Direct 

Current Slew Rate (DCSR) control technology. The bi-polar half-bridge operates in an 

inverted condition when operated in the other way. The energy is transferred via the 

transformer and then across two half-bridge circuit design with the assistance of the support 

capacitor Vc to accomplish buck operation. 

 
.Fig 1.7 Bi-polar Bidirectional DC Converter with phase shift [102]  
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In [103] employs phase shift control in a double active bridge (DAB) with capacitor 

inductance series resonance (CLLC). The active bridge operates in the inverter state in 

bidirectional operation, whereas the passive bridge operates in the rectified state. Some 

MOSFETs are capable of realizing the ZVS switch and analyzing the phase requirements 

needed to do so. On the basis of the bi-polar DAB circuit, [104] includes bus capacitor 

voltage balancing control, and the parameters modeling and development technique are 

simplified. 

 

1.2.4 Non-isolated Bi-polar Bidirectional DC-DC Converter 

 

The DC bus capacitor is used in [105] to produce a bi-polar state (buck/boost 

synchronized PWM modulator). dv/dt soft switching  is used to minimize the current surge. 

The voltage gain is 2/D whenever the interconnected capacitive buck converter is combined 

with a switched capacitor circuit and a buck circuit; when the buck circuit is combined with 

n-1 switched capacitor networks, the voltage gain is up to n/D. As a result, it is appropriate 

for low-voltage, low-power battery storage and solar systems. [106] Cascades a uni-polar 

buck-boost converter to produce a bi-polar bidirectional DC-DC converter. PWM 

modulation with interleaved pulses is utilized. Moreover, the modulating approach simply 

allows the duty ratios of the top and bottom half bridges to be unpredictable, impacting the 

voltage balancing effect of the DC bus and necessitating an extra voltage balance control 

loop in boost mode, adding to the control structure's complexity. Despite the fact that the 

converter described in [107] lacks the high voltage gain capabilities of the converter 

presented in [105], the voltage and current stress are almost same, and the flying capacitor 

voltage is readily stabilized at half of the high voltage side. By extending the flying capacitor 

circuit, the bi-polar DC-DC converter may be easily expanded into a multi-level 

bidirectional DC-DC converter, further lowering the voltage stress on the switches. As a 

result, it is appropriate for greater voltage levels. 

 

1.3. Motivation 

 

Traditional DC micro-grids have offer many advantages that makes them attractive 

in electrical distribution network. They give the flexibility of connecting various renewable 

energy sources such as solar photovoltaic, wind energy etc with required power conversion 
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stages. DC micro-grids also have the capability of connecting to battery storage systems, 

fast charging electric vehicle stations. Some of the advantages of DC micro-grids that have 

made them popular are the absence of synchronisation issues and the capacity to ride through 

faults. Further due to increase in various loads which are operating with DC supply made 

further popular of DC micro-grids.  Bipolar dc micro-grids are more dependable than 

unipolar dc micro-grids and provide three distinct voltage levels. Because the quantity of 

load and generated power varies over time, an effective voltage balancing approach is 

required in bipolar dc micro-grids. To equalize the voltage of the positive and negative buses 

and also requirement of bipolar bidirectional DC-DC converters for efficient transfer of 

energy in both directions with minimum number of components and simple control circuits 

is a challenging issue. Therefore an attempt was made in this research work to propose a 

bipolar bidirectional DC-DC converter topologies and their control strategies. Detailed 

mathematical analysis, modeling, simulation   and experimental results are provided for the 

proposed bi-polar bidirectional DC-DC converter topologies to their merits. 

 

1.4. Scope of the Thesis 

 

The scope of this research work is to propose bipolar bidirectional DC-DC converter 

topologies which can operate for both low power and high power applications to achieve 

high voltage gain along with reduced voltage stress, low switching losses resulting in high 

efficiency and also inherent voltage balance at the poles of a DC micro-grid. 

  

As a result, the following contributions to this thesis can be summarized: 

1. To design and implement a bipolar bidirectional DC-DC converter topologies for 

battery energy storage system for regulating the power flow. 

2. To design and implement a bipolar bidirectional DC-DC converter topologies for solar 

powered electric vehicle charging stations. 

3. To develop a control scheme to achieve inherent voltage balance at the bipolar DC 

micro-grid. 
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The schematic diagram of bipolar grid employing bidirectional DC-DC converter is 

shown in Fig 1.8. 
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Fig.1.8 Block diagram of Bipolar Grid employing Bidirectional DC-DC Converter  

 

 

In the first proposed topology, a soft switching technique for a non-isolated bipolar 

bidirectional DC–DC converter with series connection of modular bidirectional DC 

converters suitable for both small and medium scale bipolar DC micro-grids to achieve high 

voltage gain. The soft switching technique is implemented by turning-on all the power 

devices at zero current during discontinuous conduction and turning-off is achieved by using 

an auxiliary devices in the circuit. Soft switching, high efficiency, transformer less structure 

and inherent control for voltage balance make this converter employable in bipolar DC grids. 

 

A non-isolated bipolar bidirectional DC-DC converter with an interleaved switching 

capacitor for bipolar DC micro-grids appropriate for both low and high power applications 

is developed in the second suggested topology to achieve high voltage gain. On the low 

voltage side, an interleaved structure is proposed to realize current sharing and decrease 

current ripple, while on the high voltage side, a switched capacitor architecture is presented 

to achieve high voltage gain. 

 

In the third suggested architecture, a non-isolated soft switching bipolar bi-directional  
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DC-DC converter for bipolar DC micro-grids appropriate for both low and high power 

applications is built using a half bridge converter to obtain high voltage gain. Half bridge 

converter on the low voltage side and a series L-C half bridge resonant converter on the high 

voltage side to produce high voltage gain while minimizing voltage stress and switching 

losses, resulting in high efficiency. 

 

A non-isolated bipolar bidirectional DC-DC converter with linked inductor and 

switched capacitor technology for bipolar DC micro-grids appropriate for both low and high 

power applications is developed in the fourth suggested architecture to achieve high voltage 

gain. The inclusion of the clamping circuit, which is utilized to reutilize the leakage 

inductance power, results in zero voltage switching for all switching devices. The PI 

controller is used to connect an energy storage system to the grid in order to achieve 

bidirectional power flow and voltage balancing at the grid level.   

 

1.5. Organization of the Proposed Thesis 

 

The Chapter-1 gives the detailed literature study on bidirectional DC-DC converter 

topologies and bipolar bidirectional DC-DC converter topologies, key issues and their 

drawbacks presented and also motivation for the research work in the area of Bipolar 

Bidirectional DC-DC Converter Topologies is presented.  

In Chapter-2, simulation results are presented for proposed bipolar BDC converter 

topology (proposed topology-1) for medium and high voltage DC micro-grids. Results are 

compared with the conventional topologies to show the merits of proposed topology.  

In Chapter-3, the suggested bipolar BDC converter with interleaved switching 

capacitor (proposed topology-2) for bipolar DC micro-grids is simulated and tested. The 

suggested topology virtues are demonstrated by comparing their results to those of standard 

topologies. 

In Chapter-4, simulation results are presented for the proposed bipolar BDC 

converter with coupled inductor (proposed topology-3) for bi-polar DC micro-grids with 

energy storage. Results are compared with the conventional topologies to show the merits of 

proposed topologies. 
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In Chapter-5, simulation and experimental results are provided for the suggested 

non-isolated soft switching bipolar BDC converter topology with high voltage gain 

(proposed topology-4) for bi-polar DC micro-grid. Results are compared with the 

conventional topologies to show the merits of proposed topologies.  

Finally, Chapter-6 highlights the various conclusions drawn at different stages of 

the work, the significant contribution of research work. Finally, conclusions and future scope 

for the work is suggested. 

 



 

 

 

 

 

 

Chapter-2 

Bipolar Bidirectional DC-DC Converter for 

Medium and High Voltage DC Micro Grids  
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2.1. Introduction 

 

In this chapter, the bi-polar bidirectional DC-DC converter is proposed for medium 

and high voltage DC micro-grids. The proposed converter can work in both directions i.e., 

both modes of operations such as buck mode and boost mode and support soft-switching 

features with low voltage stress on the switching devices. All power switches are switched 

on spontaneously under zero current when working in the discontinuous conduction mode. 

All switches are turned off at zero current by introducing an extra zero-current-transition 

commutation circuit in each power module, which reduces turn-off loss. Detailed analysis 

and simulation results for the converter with three power modules are explained in detail 

below.  

 

2.2. Bi-Polar Bidirectional DC-DC Converter 

 

 Schematic of the proposed bipolar bidirectional DC-DC converter is shown in 

Fig.2.1. It consists of three modules and each module consists of two switches, inductor and 

capacitor as main circuit, two auxiliary switches and resonant circuit consists of inductor 

and capacitor.  First module consists of main switches (S1, S2), inductor L1 and capacitor C1 

and two auxiliary switches (SA1, SA2), inductor LR1 and capacitor CR1 act as L-C resonance 

circuit. Similarly other two modules also have the same components.  The current through 

the inductors L1, L2   and L3 are represented by i1, i2 and i3 respectively. High step up gain in 

boost mode or high step down gain in buck mode can be achieved by considering both 

positive and negative circuits as individual modular bidirectional DC-DC converter. The 

transmission of power flow and inherent voltage balance occurs by using L-C resonance 

circuit. In each module, the auxiliary cell utilizes the L-C resonance circuit to achieve soft 

switching in the switches and diodes. Operating in discontinuous conduction mode causes 

the switches to turn on naturally under ZCS conditions, and an auxiliary cell is inserted into 

the main power channel to lower the current to zero, resulting in a zero current transition 

turn-off situation. When the positive circuit functions as the boost mode and the negative 

circuit functions as the buck mode, then direction of power flow will be from low voltage 

side to high voltage side. When the positive circuit functions as buck mode and the negative 

circuit functions as the boost mode, then the direction of power flow is from high voltage 
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side to low voltage side. Detailed operation of bipolar modular bidirectional DC-DC 

converter is discussed in subsequent section. 

 

2.2.1  Analysis of  Bipolar Bidirectional DC-DC Converter 

 

Steady-state analysis of proposed bi-polar bidirectional DC-DC converter shown in 

Fig.2.1 is discussed in detail for buck mode and boost mode of operation. For steady-state 

analysis, all the switching devices and the energy storage elements are considered as ideal 

and the current in inductor is discontinuous; the voltage across the capacitors is assumed 

constant. 

 

Fig. 2.1 Schematic of bipolar bidirectional DC-DC converter 
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2.2.1.1 Boost  mode of Operation 

 

In this mode of operation, output voltage is stepped up by controlling the switches 

S1 and SA1 along with antiparallel diodes of switches S1, SA1 and S2.  Resonant circuit  

components help to achieve the required voltage gain and voltage balance across the 

capacitors. One complete cycle of operation of the converter  is divided into eight modes as 

discussed below: 

 

Mode 1:  In this mode of operation the Switch S1 is ON, and SA1 is OFF, diode DA1 

is ON. The direction of currents is shown in Fig 2.2. Inductor current i1  starts increasing 

and LR1 and CR1 gives the resonant current and when this resonant current is equal to zero, 

the diode is clamped to the resonant capacitor voltage . 

 

Mode 2:  In this mode of operation switch S1 is ON, the inductor current i1 starts 

increasing when inductor current equals to current flowing through the switch, the voltage 

across the resonant capacitor is same as input capacitor voltage magnitude. 

 

Mode 3: In this mode of operation the switch SA1 is ON under ZCS conditions as a 

result the resonant current starts increasing until it compensate the inductor current 

magnitude, allowing the current flowing through the switch to zero due to the resonance of 

LR1 and CR1. 

 

Mode 4: In this mode of operation the diode D1 is ON and S1 is OFF under zero 

current transition (ZCT) conditions and the flow of current through the switch is reversed. 

The resonant current is same as current flowing through the inductor due to resonance of 

LR1 and CR1 making D1 is reverse bias 

 

Mode 5:  In this mode of operation the switch SA1 is ON. Capacitor CR1 is charged 

through inductors L1 and LR1 which results in boosting of the output voltage. 

 

Mode 6: In this mode of operation the switch SA1 is ON and D2 is ON. The direction 

of currents is shown in Fig 2.2. The direction of current flow in inductors i.e i1, iLR1 starts 

decreasing. The capacitor C1 is charged by the inductor L1.  
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Mode 7: In this mode of operation the switch S1 is OFF and SA1 is OFF under ZCS 

conditions, D2 and DA1 are ON. The inductor current iLR1 starts decreasing and reaches to 

zero due to resonance circuited formed by LR1 and CR1 making DA1 is block. 

 

Mode 8: In this mode of operation of the switches S1 and SA1 are OFF. The inductor 

current i1 starts decreasing and reaches to zero making the S1 turn ON under ZCS conditions 

for the next cycle. Inductor L1 charges the capacitor C1. 
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Fig.2.2 Modes of operation for the proposed DC-DC converter in boost mode 

 

2.2.1.2 Buck mode of  Operation 

 

By controlling the switches S2 and SA2 along with antiparallel diodes of switches S2, SA2 

and S1 outputvoltage is stepped down (buck operation). The flow of power direction is from 

high voltage to low voltage side (C0) in the buck mode.Converter operation for one cycle is 

divided into eight modes and Fig 2.3 represents the modes of operation in buck mode. 
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27 

 

 

Fig 2.3 Operation for the proposed  Convereter topology in buck mode 

 

2.3 Design of Bipolar Bidirectional DC-DC Converter 

 

 Design of various circuit parameter such as inductors and capacitors for the main 

power circuit and also resonant circuit parameters for the 10 KW converter operating at a 

switching frequency of 20 KHz to obtain the voltage of 500 volts at buck operation and 2000 

volts at boost operation for the proposed bipolar bidirectional DC-DC converter are 

discussed below. Converter specifications and parameters are listed in Table 2.1. 

 

2.3.1  Design of Inductor  

 
The conversion ratio in a bipolar modular bidirectional DC converter with ‘x’ power 

units is X = VH/VL = x + 1. The xth power unit's power transfer may be written as (X-x) P/X, 

where ix is the xth power unit's inductor current. It is possible to deduce the following 

mathematical relationships: 

                                                                     𝐿𝑥
𝑑𝑖𝑥

𝑑𝑡
= 𝑉                                                          (2.1) 

                                          𝑡𝑜𝑛 =
𝐷

𝑓
                                                           (2.2) 

Where V is the voltage of each power module, f represents the switching frequency,    and 

D represents the duty cycle.  From (2.1) and (2.2), the maximum inductor current ix−MAX can 

be obtained by 
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                                                   𝑖𝑥−𝑀𝐴𝑋 =
𝑉∗𝐷

𝐿𝑥∗𝑓
                                                  (2.3) 

 

Since the converter is operating in discontinuous conduction mode, the inductor current rises 

from zero, Δix = ix-MAX. To determine the inductor’s energy balance, 

 

                                      
𝑋−𝑥

𝑋
∗ 𝑃 =

1

2
∗ 𝐿𝑥 ∗ 𝑓 ∗ 𝑖𝑥−𝑀𝐴𝑋                                          

2 (2.4) 

 

From (2.3)and(2.4) , the inductor expression is derived as 

                                               𝐿𝑥 =
𝑋∗𝑉2∗𝐷2

2∗𝑓∗𝑃∗(𝑋−𝑥)
                                           (2.5) 

 

For D=0.5,                                 𝐿𝑥 =
𝑋∗𝑉2

8∗𝑓∗𝑃∗(𝑋−𝑥) 
                                      (2.6) 

 

2.3.2  Design of Capacitor  

 

The capacitor is one of the important component of the converter that allows energy 

to be stored and transferred to achieve buck and boost operation. The capacitors are 

connected in series to have the same capacitance so that the voltage balance may be reliably 

maintained. Because the power communicated by the capacitors is decreased down from the 

base capacitor C0 to the top capacitor C3, the voltage ripple at the base capacitor C0 is 

considerable. The voltage ripple of capacitor C0 is denoted as                                

                                                              𝛽 =
∆𝑉𝐶0

𝑉𝐶0
                                                       (2.7) 

 

          
1

2
∗ 𝐶0 ∗ [(𝑉 +

𝛽

2
∗ 𝑉)

2

− (𝑉 −
𝛽

2
∗ 𝑉)

2

] ∗ 𝑓 =
(𝑋−1)∗𝑃

𝑋
                  (2.8) 

 

From (2.7) and(2.8) , 

                                𝐶3 = 𝐶0 =
𝑃∗(𝑋−1)

𝑋∗𝑓∗𝛽∗𝑉2                                                         (2.9) 

 

2.3.3  Design of Resonant circuit parameters  

 

Boost or buck mode of operation can be considered to design the resonant circuit 

parameters. Here I have considered boost mode, from mode-1the current flowing through 

the switch is the sum of current flowing through the inductor and the resonant inductor and 

also the resonant capacitor voltage VCR is clamped at −VCR.  
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                                                             𝑖𝑆 = 𝑖1 + 𝑖𝐿𝑅1                                                         (2.10) 
 

                                                             𝑉𝐶𝑅 = 2 ∗ 𝑉 − 𝑍1 ∗ 𝑖1−𝑀𝐴𝑋                                   (2.11) 

 

                                                                  𝑍1 = √
𝐿𝑅1

𝐶𝑅1
                                                          (2.12) 

 

 From(2.11)and(2.12),               𝑉𝐶𝑅 = 2 ∗ 𝑉 − √
𝐿𝑅1

𝐶𝑅1
∗ 𝑖1−𝑀𝐴𝑋                                         (2.13) 

 

                                                      𝑖𝐶𝑅1−𝑀𝐴𝑋 =
𝑉𝐶𝑅1

𝑍1
= 𝑉𝐶𝑅1 ∗ √

𝐶𝑅1

𝐿𝑅1
                                (2.14) 

Then, iCRx−MAX = n *ix−MAX is selected. From (2.13) and (2.14), the equation is 

represented as 

                                                (1 + 𝑛)𝑖𝑘−𝑀𝐴𝑋 =
2𝑉

√
𝐿𝑅1

𝐶𝑅1

                                                      (2.15) 

The equation may be written as, assuming TRx is the resonance time between CRx and 

LRx. 

                                            
𝑇𝑅𝑥

2
= 𝜋 ∗ √𝐿𝑅𝑥 ∗ 𝐶𝑅𝑥                                                  (2.16) 

From (2.15) 𝑎𝑛𝑑 (2.16), 

                                        𝐿𝑅𝑥 =
𝑉2∗𝑇𝑅𝑥

2∗𝜋∗(1+𝑛)∗𝐿𝑥∗𝑓
                                                        (2.17) 

 

                                           𝐶𝑅𝑥 =
(1+𝑛)∗𝑇𝑅𝑥

8∗𝜋∗𝐿𝑥∗𝑓
                                                               (2.18) 

 

2.3.3.1   Calculation of current stress in inductors 

 

Since each module of the bipolar bidirectional DC deliver the same power as that of 

the unipolar bidirectional DC-DC converter, the power semiconductor switches in the 

bipolar bidirectional DC-DC converter experience less switching current stress than those 

in the unipolar converter.   Reduction in the Current stress is calculated from the equations  

(2.3) and (2.6)  as  

 

                                     𝑖𝑛−𝑀𝐴𝑋 =
(𝑋−𝑥)∗𝑃∗4

𝑋∗𝑉
                                               (2.19) 
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Table-2.1. Converter Specifications and Parameters. 

 

Parameters Values 

Rated Power 10 kW 

Capacitors values C0, C1,C2,C3 30µF 

Filter Inductors L1,L2,L3 200µH ,  300µH ,  600µH 

Resonant inductors LR1,LR2,LR3 4.84µH ,  7.28µH,  14.5µH 

Resonant capacitors CR1,CR2,CR3 0.084μF,   0.056μF,  0.028μF 

Switching Frequency 20kHz 

Boost voltage VH 2000 V 

Buck voltage VL 500V 

 

2.4. Simulation Results  
 

        Simulation tests in Matlab/Simulk are carried out to assess the viability of the proposed 

bi-polar bi-directional DC-DC converter, and results are reported for both buck mode and 

boost mode of operation. 

 

 2.4.1 Results of Boost Mode of Operation 

 

From the simulation results shown in Fig. 2.4, it is observed that primary switch S1, 

1 is  turned–on using ZCS and turned-off  using ZCT. Before the gating signal was applied 

to S1,1, the switching current, in association with the inductor current i1 and resonant current 

iLR1, rises from zero, results in ZCS across switches. When the current was reversed and 

passed through the diode D1, 1, S1, 1 were turned off using ZCT. Figure 2.5 depicts the ZCS 

for auxiliary switch S1, A1. When the current reverses and travels through the diode D1, A1, 

ZCS is used to turn off the switch S1, A1. As illustrated in Fig. 2.6, the diode D1, 2 conducts 

and commutates with zero current. As a result, the diode has no reverse-recovery losses. Fig 

2.7 depicts the current flowing through the inductors and voltage across the resonant 

capacitor. The positive and negative pole voltage in the boost mode of operation is shown 

in Fig.2.8. From the simulation results, it is observed that the capacitor output voltages are 

inherently balanced without any control technique with the low ripple value.When VH is 

constant at 2000V, for different power levels between 100W and 1600W, the efficiency of 
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boost operation for the proposed converter is shown in Fig 2.9.The maximum efficiency 

obtained is 96.8% at a load of 100 Ω. 

 

 
 

Fig 2.4 Current flowing through the switch and voltage across the switch S1, 1 

 

 

 

Fig 2.5 Current flowing through the auxiliary switch and voltage across the 

auxiliary switch S1, A1. 

ZCS turn-on

ZCS turn-on

ZCS turn-off
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Fig 2.6 Current flowing through the diode and voltage across the diode D1, A1. 

 

 

Fig 2.7 Current flowing through the inductors(LR1) and voltage across the resonant 

capacitor CR1 

ZCS turn-on ZCS turn-off

i1

i2

i3
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Fig.2.8 Output voltages. 

 

 

 

Fig. 2.9.Efficiency curve of the proposed bipolar bidirectional DC converter. 

 

2.4.2 Results of Buck Mode of Operation 

 

Buck mode of operation of the proposed converter for an input voltage of 

VH=2000V, the current flowing through the switch and voltage across the switching device 

is shown in Fig 2.10.  From the results it is observed that ZCS turn-on and ZCT turn-off is 

realized and also indicating the voltage stress across the switching device is 1000V which is 
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half of input voltage. From Fig 2.11, it is observed that the switch turn-on and turn-off is 

happening under zero current switching simultaneously. The current flowing through the 

auxiliary switch and voltage across the auxiliary switching device is shown in Fig 2.11 and 

also it is observed that voltage stress across the auxiliary switching device is 500V which is 

same as buck voltage. When the current is reversed and passing through the diode D1, A2, the 

switch S1, A2 is switched off with zero current switching. The diode D2, 1 conducts and 

commutates with zero current, as shown in Fig. 2.12. The inductor currents and voltage 

across the resonant capacitor are shown in Fig 2.13. From the results it is observed that the 

converter operates in the discontinuous conduction mode and the maximum peak current 

decreases from 60A to 20A. Fig 2.14 shows the output voltage of the converter. When VH 

is 2000V constant, and input power continually changing between 100W and 1600W, the 

efficiency of the converter in buck mode of operation is shown in Fig 2.15. The maximum 

efficiency is around 96.7% at a load of 2.5Ω. 

 

 

Fig 2.10 Current flowing through the switch and voltage across the switch S2,2 

 

 

ZCS turn-on
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Fig 2.11Current flowing through the auxiliary switch and voltage across the auxiliary 

switch S1, A1. 

 

 

Fig 2.12Current flowing through the diode and voltage across the diode D1,A1. 

 

ZCS turn-on

ZCS turn-off

ZCS turn-on ZCS turn-off
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Fig 2.13Current flowing through the inductors (LR1) and voltage across the resonant 

capacitor CR1. 

 

 

 

Fig.2.14 Output voltage 

 

i1

i2

i3
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Fig.2.15  Efficiency of the proposed bipolar  bidirectional DC-DC converter 

 

2.5. Summary 
 

 

In this chapter a non-isolated soft switching bi-polar bi-directional DC-DC converter 

for bi-polar DC micro-grids is proposed to achieve a high voltage gain. Zero current 

switching is proposed for this modular high gain DC-DC converter to obtain and low voltage 

stress across the switching devices and zero current transition in both boost mode and buck 

mode of operation. In the process output voltage control, voltage balance across the 

capacitors is achieved without any additional controller and control loop. Simulations results 

highlight the merits achieved from the proposed converter. Maximum efficiency in boost 

mode of operation and buck mode of operation are 96.2% and 96.6% respectively. This 

converter topology and control technique may also be suitable for HVDC applications and 

also electric vehicle charging stations. 



 

 

 

 

 

 

Chapter-3 

Bipolar Bidirectional DC-DC Converter 

 with an Interleaved Switched Capacitor 
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3.1 Introduction 

 

To achieve high voltage gain, a non-isolated bi-polar bi-directional DC-DC converter 

with an interleaved switching capacitor is presented in this chapter for bi-polar DC micro-

grids appropriate for both low and high power applications. Interleaved structure on low 

voltage side is proposed to realize current sharing to reduce current ripple and switched 

capacitor topology is proposed on high voltage side to achieve high voltage gain. This 

converter's soft switching, high efficiency, and simple control structure make it suitable for 

use in a variety of applications such as electric vehicles, DC micro-grids with energy storage 

systems, and so on. To emphasize the benefits of the proposed converter architecture, 

detailed analysis, simulation, and hardware results are provided. 

 

3.2 Bi-Polar Bidirectional DC-DC Converter with Interleaved                               

Switched Capacitor 

 

Schematic of the proposed bi-polar bi-directional DC-DC converter with switched 

capacitor is shown in Fig.3.1. It consists of an interleaved structure at a low voltage side and 

switched capacitor network at a high voltage side. This converter consists of six power 

switches (IGBTs) in which switches S1, S2 are controlled to operate the converter in boost 

mode of operation and the duty cycle for both the switches is same with the phase shift of 

1800 and switches S3, S4, S5, S6 are controlled to operate the converter in buck mode of 

operation and the duty cycle for the pair of switches (S3, S4 and S5, S6) is same with the phase 

shift of 1800.  Where ihigh and ilow represents are the high-voltage side current and low-

voltage side current respectively and  the voltages VL, VC1, VH1, VH2, VC4 represents the 

voltages across capacitors C, C1, C2, C3, and C4 respectively. To achieve high voltage gain 

in boost mode of operation, the capacitors are charged in parallel and discharged in series 

and voltage balance is obtained by controlling the switch S2. In buck mode of operation, the 

high step-down voltage gain is achieved with the two capacitors charging in series and 

discharging in parallel. Detailed operation of the proposed converter is discussed in 

subsequent sections.  
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3.2.1  Analysis of  Bi-Polar Bidirectional DC-DC Converter with 

Interleaved Switched Capacitor 

 

Steady-state analysis of proposed bi-polar bidirectional DC-DC converter shown in 

Fig.3.1 is discussed in detail for buck mode and boost mode of operation. For steady-state 

analysis of the converter, all the switching devices and the energy storage elements are 

considered as ideal and the current flowing through the inductor is continuous and the 

voltage across the capacitors is assumed constant.  

 

Fig 3.1. Schematic of the proposed converter topology 

 

3.2.2 Boost  mode of Operation 

 

In this mode of operation the output voltage of the converter  is stepped-up by regulating 

the switches S1 and S2  along with antiparallel diodes across the switches S3, S4, S5and S6  

are in operation. To achieve the required voltage gain, duty ratio for S1 and S2 are kept same 

with a phase difference of 180°. The detailed operation of the converter in boost mode of 

operation is divided into three modes. Fig. 3.2 (a) & (b) represents the waveforms and 

principle of operation for boost mode respectively. 
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Mode I: In this mode of operation the switch S1 is ON, and switch S2 is OFF. The diodes 

D3 and D6 are ON, and the diodes D4 and D5 are OFF. Fig3.2(b) represents the direction of 

the current flow in inductors i.e  iL1, iL2. The inductor  L1 and capacitor C4 are charged by 

the DC source voltage VL, and inductor L2 and C2 charges capacitor C1, and C3 starts 

discharging through the load on the high-voltage side. 

 

 

Fig 3.2(a). Waveforms for boost mode of operation in continuous conduction  

Fig 3.2(b). Schematic modes of operation for the proposed topology in boost mode. 
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Mode II: In this mode of operation the switch S1 is OFF, and switch S2 is ON. The 

diodes D3 and D6 are OFF; and the diodes D4 and D5 are ON. Fig 3.2(b) represents the 

direction of the current flow in inductors i.e  iL1, iL2.  Inductor L1and C4 charges C1 and C2 

charges the capacitor C3. The output to the load is supplied by the DC source voltage VL,  

and the circuit elements L1, and C1. 

 

            Mode III: In this mode of operation the switches S1, S2  is ON. The diodes D3, D4 is 

OFF, and the diodes D5 and  D6 are ON. Fig 3.2(b) represents the direction of the current 

flow in inductors i.e iL1, iL2 starts increasing, and capacitor C1 and C2 start discharging 

through the load. 

 

3.2.3   Buck mode of operation 

  
Output voltage of the converter is stepped-down by regulating the switches S3, S4, 

S5, and S6 along with antiparallel diodes of the switches S1 and S2. Control of the switches 

S3 and S4 are with a phase difference of 180°, and control of the switches S5 and S6 are 

complement to that of switches S3 and S4 respectively. The detailed operation 

of the converter in buck mode is divided into three modes .Fig 3.3 (a) & (b)  represents the 

waveforms and principle of operation for buck mode respectively. 

 

Mode I: In this mode of operation the switches S3 and S6 are turned ON and  switches 

S4 and S5 are turned  OFF. The diodes D1 and D2 are in non conducting mode (reverse 

biased). Fig. 3.3(b) represents the direction of current flow in inductors i.e iL1, iL2. Capacitor 

C2 and C3 are charged with the dc sources VH1 and VH2 respectively. The inductors L1, L2 

and capacitors C1,C4 gives the output to the loads connected on low voltage side. 

 

Mode II: In this mode of operation the switches S3, S4 are OFF, and the switches S5, 

S6 are ON. The diodes D1 and D2 are conducting (forward biased). Fig.3.3(b) represents the 

direction of current flow in inductors i.e iL1, iL2 starts decreasing. Capacitor C1 and C2  are 

charged by the DC voltage source VH1. The inductors L1, L2 and capacitor C3 gives the output 

to the loads connected on low voltage side. 
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Mode III:  In this mode of operation the switches S3, S6 are OFF, and the  switches 

S4, S5 are ON, D1 diode is reverse biased, and the D2 diode is conducting. Fig.3.3(b) 

represents the direction of the current flow in inductors i.e iL1, iL2 . Capacitor C1 is charged 

by the dc source VH2 and C3. Simultaneously VH2 and capacitor C2 discharge through the 

load and supply energy to the inductor  L1. 

 

 

Fig 3.3(a). Waveforms for buck mode in continuous conduction mode 

Fig 3.3(b). Schematic Modes of operation for the proposed topology in buck mode. 
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3.2.4   Control Strategy of the Converter 

 

Fig 3.4 shows the control strategy for bi-directional power flow and also for 

voltage balance. The voltages VH1,VH2, and VL and the inductor currents iL1,iL2 are obtained 

by hall effect voltage and current sensors and fed to digital signal processor TS320F28379D 

to implement the control strategy.  According to the Uref signal, the converter operates either 

in boost mode or in buck mode. When Uref =1, the converter operates in the boost mode 

where the boost voltage VH is controlled with reference voltage Vref and the voltage balance 

between VH1 and VH2 is controlled by the PI regulator by setting the voltage error reference 

to zero. Simultaneously, the feedback inductor currents iL1, iL2 is regulated by the current 

compensator with reference inductor iL1
* and iL2

*  in the current-loop. The corresponding 

duty value obtained is compared with the carrier wave to generate the gate signals for S1 

andS2 in the boost mode. Similarly, when Uref =0, the converter operates in the buck mode 

where the buck voltage VL is regulated by the voltage compensator with the voltage 

reference, and the current compensator controls the current iL with the current reference. The 

resultant signal is compared with repeating sequences to generate the gate signals for S3 –S6 

in the buck mode. 

 

 
 

 

Fig 3.4. Control strategy for voltage balancing and bi-directional power flow. 
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3.2.5 Voltage Gain of the Converter 

 

Analysis of the proposed converter w. r. t voltage gain, voltage stress across the 

switches, and current ripple in the converter are explained in detail. To simplify the analysis, 

all the switching devices and the energy storage elements are considered as ideal and the 

current flowing through the inductor is continuous and the voltage across the capacitors is 

assumed constant.   

 

3.2.5.1 Voltage gain in boost mode 

 

From Fig. 3.2(a) & Fig. 3.2.(b), in mode-1 of operation  when switch S1 is ON, the 

inductor current iL1 starts charging from the DC source VL, and inductor current iL2 starts 

discharging to charge  capacitor C1, the discharge rate are given by 

𝐿1

𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐿  

 𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= 𝑉𝐶1 − 𝑉𝐿                                               (3.1) 

From mode-2 operation, the switch S2 is ON; the iL1 inductor current starts 

discharging to charge the capacitors C4, C2, and inductor current iL2 starts charging from the 

dc source VL, the discharge rate are given by 

𝐿1

𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐶2 − 𝑉𝐶4 − 𝑉𝐿  

𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= 𝑉𝐿                                                     (3.2) 

 

From mode-3 operation, the switches S1 and S2 are turned ON, the inductor current 

iL1 and IL2 starts flowing from the dc source VL, the discharge rates are given by 

          𝐿1

𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐿 

𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= 𝑉𝐿                                               (3.3) 

Since the capacitors C 1 and C3, C2, and C4, are connected in parallel respectively, to 

make the voltages equal and  the converter is assumed to operate in steady-state, the amount 

of energy stored in the inductor should be zero in one complete cycle. Therefore, 

                         (∆𝑖𝐿1)𝑂𝑁 = (∆𝑖𝐿1)𝑂𝐹𝐹 

(∆𝑖𝐿2)𝑂𝑁 = (∆𝑖𝐿2)𝑂𝐹𝐹                         (3.4) 

From equations (3.1), (3.2), (3.3) 
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𝑉𝐻1 =
1

1 − 𝐷
𝑉𝐿 

𝑉𝐻2 =
1

1−𝐷
𝑉𝐿                                         (3.5) 

 

3.2.5.2   Voltage gain in buck mode  

 

From Fig. 3.3(a) & Fig. 3.3.(b), In mode-1 of operation, when switches S3 and S6 are 

turned ON, the inductor current iL1 starts discharging to the load VL, and inductor current 

iL2 starts charging to charge C1, the discharge rate is  given by 

𝐿1

𝑑𝑖𝐿1

𝑑𝑡
=

𝑉𝐿

2
 

𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= 𝑉𝐶1 − 𝑉𝐿                                       (3.6) 

From mode-2 operation, when S5 is ON; the inductor current iL1 and iL2 starts 

discharging to the load VL, the discharge rate is given by 

𝐿1

𝑑𝑖𝐿1

𝑑𝑡
=

𝑉𝐿

2
 

𝐿2
𝑑𝑖𝐿2

𝑑𝑡
=

𝑉𝐿

2
                                        (3.7) 

From mode-3 operation, when S4 and S5 are ON, the inductor current iL1 starts charging, 

and iL2 starts discharging to the load VL, the discharge rate is given by 

𝐿1

𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐻1 − 𝑉𝐿  

𝐿2
𝑑𝑖𝐿2

𝑑𝑡
=

𝑉𝐿

2
                                                 (3.8) 

The capacitors C 1 and C3, C2 and C4, are connected in parallel respectively, to make 

the voltages equal. Since the converter is assumed to operate in an ideal state, the energy 

stored in the inductor should be zero in one complete cycle. Therefore, 

                                     (∆𝑖𝐿2)𝑂𝑁 = (∆𝑖𝐿2)𝑂𝐹𝐹                                                    

(∆𝑖𝐿1)𝑂𝑁 = (∆𝑖𝐿1)𝑂𝐹𝐹                              (3.9) 

 

From equations (3.6), (3.7), (3.8) 

𝑉𝐻1 =
𝑉𝐿

𝐷
 

𝑉𝐻2 =
𝑉𝐿

𝐷
 

𝑉𝐻1 + 𝑉𝐻2 = 𝑉𝐻 
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𝑉𝐿 =
𝐷

2
𝑉𝐻                                   (3.10) 

 

3.2.5.3. Voltage stress across the switching device 

 

From the boost mode and buck mode of operation of the converter shown in Fig 

3.2(b) & 3.3(b), the switch S1 is OFF, and S4 is ON in mode-II; from that, it is observed 

that switch S1 and capacitor C2 are in parallel as a result the voltage across S1 and C2 are 

equal. Similarly, the voltage across S2 and C1, S4 and C2, S3 and C1, S5 and C3, S6 and C3 

are equal. The voltage stress for the switching devices is: 

𝑉𝐶1 = 𝑉𝐶2 = 𝑉𝐶3 =
1

1 − 𝐷
𝑉𝐿 

𝑉𝐻 =
2

1 − 𝐷
𝑉𝐿 

𝑉𝑆1 = 𝑉𝑆2 = 𝑉𝑆3 = 𝑉𝑆4 = 𝑉𝑆5 =
𝑉𝐻

2
                             (3.11) 

 

3.2.5.4  Current ripple in the inductor 

 

From the boost mode of operation explained in Fig. 3.2(a) & Fig. 3.2.(b), It is 

assumed that the L1=L2=L. From equations (3.1) and (3.2), the current ripple iL1, iL2, ilow 

is given by 

∆𝑖𝐿1 =
𝑉𝐿 ∗ 𝐷 ∗ 𝑇𝑠

𝐿
 

Where D=duty cycle 

                                    ∆𝑖𝐿1 = ∆𝑖𝐿2 =
𝑉𝐻∗𝐷∗(1−𝐷)∗𝑇𝑠

2𝐿
                                           (3.12) 

 

From equation (3.1)   

                                                      ∆𝑖𝐿 =
𝑉𝐻∗(1−𝐷)∗(2𝐷−1)∗𝑇𝑠

2𝐿
                                         (3.13) 

Similarly from the buck mode of operation explained in Fig. 3.3(a) & Fig. 3.3.(b), 

It is assumed that L1=L2=L. From equations (3.6) and (3.7), the current ripple iL1, iL2, 

ilow is given by 

                                                  ∆𝑖𝐿1 = ∆𝑖𝐿2 =
𝑉𝐻∗𝐷∗(1−𝐷)∗𝑇𝑠

2𝐿
                                         (3.14) 

From equation (3.6)  
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                                                     ∆𝑖𝐿 =
𝑉𝐻∗𝐷∗(1−2𝐷)∗𝑇𝑠

2𝐿
                                     (3.15) 

 

3.3 Simulation Results 

 
           To test the feasibility of the proposed bi-polar bi-directional DC-DC converter, 

simulation studies are carried out from the developed mathematical model of the converter 

using Matlab/Simulink and results are presented. Table –3.1 represents the specifications 

and parameters of various components of the converter.  

Table-3.1. Converter parameters for the proposed topology-2. 

Parameters Values 

Rated Power 10 kW 

Capacitors values C1, C2,C3,C4 1000µF 

Inductors L1,L2 1mH 

Switching Frequency 20kHz 

Boost voltage VH 2000 V 

Buck voltage VL 500V 

 

 

3.3.1 Simulation Results for Boost Mode of Operation 

 

From the simulation results it is observed that for the input voltage of VL=500V as 

shown in Fig 3.5(a), the inductor currents obtained with interleaving patterns are shown in 

Fig 3.5(b). From equation (3.12), the theoretical ripple for inductor currents is 3.125%. The 

source current ilow is shown in Fig 3.5(c). The current ripple from equation (3.13) it is 

calculated as Δilow is 0.2%.  It is noted from the results that the proposed converter behavior 

w.r.t source current ripple and ripple of the inductor current is close to theoretical values, 

and source current is continuous with zero ripple. The input power is shown in Fig 3.5(d). 

The output voltage of positive pole VH1, negative pole VH2 are shown in Fig 3.6(a), and boost 

voltage VH is shown in Fig 3.6(b). The load currents are shown in Fig 3.6(c) and the output 

power is shown in Fig 3.6(d). The voltage stress across the switching devices is 200V i.e., 

half of the boost operation voltage is shown in Fig 3.7(a). The capacitor voltage VC1 is 200V 

i.e., half of the boost operation voltage with a very small ripple as shown in Fig 3.7(b).  
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Fig 3.5. Simulation results in boost mode (a) Input voltage (b) Inductor currents with 

interleaving pattern. (c) Source current ilow (d) Input power 

 

 

 
 

Fig 3.6. Simulation results in boost mode (a) Output voltages VH1, VH2.  

            (b) Total boost voltage (c) Load current i1, i2 (d) Output power 

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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Fig 3.7. Simulation results in boost mode (a)Voltage stress across the switching 

devices (b) Voltage across capacitor VC1 

  

 

3.3.2 Simulation Results for Buck Mode of Operation 

 

From the simulation results it is observed that for an input voltage of VH=2000V as 

shown in Fig 3.8(a), the input current is shown in Fig 3.8(b) and the input power is shown 

in Fig 3.8(c).  

 
 

Fig 3.8. Simulation results in buck mode (a) Input voltage (b) Source current ilow 

 (c)  Input power 

 

The output voltage VL is shown in Fig 3.9(a), the inductor currents representing 

interleaving patterns are shown in Fig 3.9(b).Current ripple for iL1 and iL2 is 3%. From 

(a) (b)

(a)

(b)

(c)
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equation (14), the theoretical value of ripple for inductor currents is 3.125%. The load 

current ilow is shown in Fig 3.9 (c). The load current ripple from the experimental result is 

Δilow is 2%.  

 

 
Fig 3.9. Simulation results in buck mode (a) Output voltage. (b) Inductor 

              currents with interleaving pattern.(c) Load current (d) Output power 

 

 
Fig 3.10. Simulation results in buck mode (a) Voltage stress across the switching 

devices. (b) Voltage across capacitor VC1 

 

From equation (15), the theoretical value of ripple Δilow is 2%. From the results, it is verified 

that the proposed converter behavior w.r.t to load current ripple and ripple of the inductor 

current is close to theoretical values and the output power is shown in Fig 3.9(d). Voltage 

stress across the switching devices is 200V, which is half of the input voltage is shown in 

Fig 3.10(a) and the voltage across the capacitor VC1 is 200V i.e., half of the input voltage 

with small ripple is shown in Fig 3.10(b). 

(a) (b)

(c) (d)

(a) (b)
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3.4 Simulation and Experimental Results for Low Power 

 
 To validate the proposed bi-polar bi-directional DC-DC converter, a 500 Watt lab 

scale prototype was designed and fabricated. This low power proposed bi-polar bi-

directional DC-DC converter with interleaved converter is simulated with Matlab/Simulink 

and these simulation results compared with the experimental results of to validity the 

proposed converter topology.  

 

Fig 3.11. Experimental prototype of bi-polar bi-directional DC-DC converter 

 

Fig 3.11 shows the experimental prototype of bi-polar bi-directional DC-DC 

converter. Table 3.2 represents the specifications and parameters of the lab scale prototype. 

Simulation and experimental results are presented for boost mode and buck mode of 

operation. 

Table 3.2 Experimental parameters for the proposed topology-2. 

 

Parameters Values 

Rated Power  500 W  

Switched Capacitors values C1,C2,C3,C4 1000µF  

Filter Inductors L1,L2 520µH  

Switching Frequency  20kHz  

Boost voltage VH 400 V 

Buck voltage VL 50V 

Launch pad 

control board

TMS320F28379D

Control desk 

software 

Loads

Switch
Current 

sensor

Voltage 

sensor

Voltage 

scaling circuit

IGBT Driver  

Board

IGBT 

Modules
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3.4.1 Boost Mode of Operation 

 

For an input voltage of VL=50V, the inductor currents with interleaving patterns are 

shown in Fig 3.12(a). From the experimental waveforms various performance parameters 

are obtained and are compared with the simulated values. Ripple of inductor currents iL1 and 

iL2 from the simulation and experimental result is 29.1%. From equation (3.12), the 

theoretical ripple value for inductor currents is 30.5%. The source current ilow is shown in 

Fig 3.12(b).The current ripple from the simulation and experimental result is Δilow is 18.3%, 

whereas from equation (3.13) theoretical it is calculated as Δilow is 20%. It is noted from the 

simulation and experimental results that the proposed converter behavior w.r.t source current 

ripple and ripple of the inductor current is close to theoretical values, and source current is 

less than the inductors ripple current.  The output voltage of positive pole VH1, negative pole 

VH2, and boost voltage VH is shown in Fig 3.12(c) and 3.12(d). The capacitor voltage VC1 is 

200V i.e., half of the boost voltage with a very small ripple is shown in Fig 3.12(f) and 

3.12(i). The voltage stress across the switching devices is 200V i.e., half of the boost voltage 

is shown in Fig 3.12(e) and 3.12(i).  Further, the load variations considered at t=0.5sec, the 

output power varies from 300W to 400W. The voltage balance between positive pole VH1 

and negative pole VH2 is zero, and the output voltage is constant with the reference voltage 

of 400V. The output voltage, the load current, is shown in Fig 3.13. When VH is constant at 

400V, and VL changes continuously between 50V and 120V, the efficiency for boost 

operation of the proposed converter with different power levels are shown in Fig 3.15(a) and 

it is observed that the maximum efficiency occurred at 96.6% at a load of 80 Ω.  
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Fig 3.12. Simulation and Experimental results in boost mode 

 

Fig 3.13. Simulation and Experimental results in boost mode with closed-loop controller 

200V/div

i2

i1

VH1,VH2

5A/div

5A/div

1s/div

(e)
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3.4.2 Buck Mode of Operation 
  

           For an input voltage of VH=400V, the inductor currents representing interleaving 

patterns are shown in Fig 3.14(a) and 3.14(f). From the experimental waveforms various 

performance parameters are obtained and are compared with the simulated values and 

theoretical values.  Current ripple for iL1 and iL2 is 22.6% from simulation and experimental 

results. From equation (3.14), the theoretical value of ripple for inductor currents is 24.05%. 

The load current ilow is shown in Fig 3.14(b). The load current ripple from the simulation and 

experimental result is Δilow is 14.6%. From equation (3.15), the theoretical value of ripple 

Δilow is 16%. From the simulation and experimental results, it is verified that the proposed 

converter behavior w.r.t to load current ripple and ripple of the inductor current is close to 

theoretical values. The output voltage VL is shown in Fig 3.14(c) and 3.14(f). The voltage 

across the capacitor VC1 is 200V i.e., half of the input voltage with small ripple is shown in 

Fig 3.14(d) and 3.14(f). The source current is shown in Fig 3.14 (e) and 3.14(g). Voltage 

stress across the switching devices is 200V, which is half of the input voltage as shown in 

Fig 3.14(f) and 3.14(g). When VH is constant at 400V, and VL changes continuously between 

50V and 120V, the efficiency for buck operation of the proposed converter with different 

power levels are shown in Fig 3.15(b) and it is observed that the maximum efficiency 

occurred at 96.6% at a load of 2.5 Ω.    

 

3.4.3   Power Loss Calculations 

 

            Calculation of power loss using thermal analysis in MATLAB was performed for 

VL=50V, VH=400V, P=1000W are shown in Figure 10. The total losses in boost mode on 

the converter are 40.48 W. Figure 10 (a) shows 85% of total losses are due to switching of 

the devices. The condenser losses and copper losses represent 12% of total losses, and the 

core losses represent 3% of total losses. The converter's total power loss in buck mode is 

38.46 W. Figure 10 (b) shows the distribution of the losses. 
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Fig 3.14. Simulation and Experimental results in buck mode. 
 

 

 

Fig 3.15. Efficiencies of the bipolar  BDC converter 
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Fig 3.16. Power loss distribution for the proposed bipolar BDC. 

 

The significant power losses are due to the switching of devices is around 88% of total 

losses. The condenser losses and copper losses represent 10% of total losses, and the core 

losses represent 3% of total losses. 

 

3.5 Summary 
 

In this chapter a non-isolated bipolar bi-directional DC-DC converter with an 

interleaved switched capacitor is proposed for bipolar DC micro-grids suitable for both low 

power and high power applications to achieve high voltage gain. The proposed converter 

topology is simulated for high power and low power levels in buck mode and boost mode 

of operation. Further a 500W lab scale prototype is fabricated and verified at a duty cycle of 

0.75 to achieve a voltage gain of 8. To accomplish high voltage gain and less switch voltage 

stress, a zero voltage switching in both boost mode and buck mode of operation is 

implemented. Further, the proposed control strategy offered a reduced current ripple in the 

inductors and voltage balance across the output capacitor. The maximum efficiencies in 

boost and buck mode are 96.2% and 96.6% respectively. The proposed converter can be one 

of the alternative choices for DC micro-grids with energy storage systems.   

(a)

(b)



 

 

 

 

 

 

 

Chapter-4 

Bipolar Bidirectional DC-DC Converter 

Topology with Coupled Inductor  
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4.1. Introduction 

For bi-polar DC micro-grids, this chapter proposes a non-isolated bi-polar 

bidirectional DC-DC converter with linked inductors and switching capacitor. To achieve 

high voltage gain, this suggested converter operates in both buck and boost mode and is 

ideal for both low and high power applications. With the combination of the clamping circuit 

and leakage inductance, all switching devices achieve zero voltage switching. The PI 

controller is used to connect an energy storage system to the grid in order to accomplish 

bidirectional power flow, grid voltage balancing, and effective voltage regulation. The soft 

switching characteristic of the power devices provides excellent efficiency for the converter, 

and the easy control strategy allows this converter to be used in a variety of applications 

such as DC micro-grid energy storage systems, electric car charging stations, and so on. To 

emphasise the benefits of the suggested converter architecture, detailed analysis and 

simulation results are provided.  

4.2. Bipolar Bidirectional DC-DC Converter Topology with   

        Coupled Inductor 
 

The schematic diagram of bi-polar bidirectional DC-DC converter for Solar Photo 

Voltaic (SPV) based DC micro-grid is shown in Fig.4.1. It consists of a bi-polar bidirectional 

DC-DC converter, Solar panels, Load and an energy storage system. The bi-polar 

bidirectional DC-DC converter is connected between battery of nominal voltage 100V and 

dc micro-grid which allows the power flow in both directions. i.e from grid to battery or 

battery to grid. The power flow direction is determined by the variations in grid voltage and 

battery state of charge. The bi-polar bidirectional DC-DC converter consists of four IGBTs 

S1-S4, clamping capacitor C1, coupled inductors L1 and L2 which forms a primary and 

secondary winding of transformer. Capacitor C1 along with switch S2 acts as clamping 

network which is used for soft switching under ZVS condition to turn-on switch S1 and also 

the capacitor C1 forms the charging path to the capacitor C2, it contributes to voltage 

conversion ratio. The power flow direction in boost mode is from battery to grid and the 

power flow direction in buck mode is from grid to battery. Detailed operation of the 

proposed converter is discussed in subsequent sections. 
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    Fig. 4.1(a).Schematic representation of micro-grid with energy storage system.  

 Fig. 4.1(b).Schematic of proposed bi-polar bidirectional converter in DC micro-grids 

 

4.2.1. Analysis of Proposed Topology-3 

 

Steady-state analysis of proposed bi-polar bidirectional DC-DC converter shown in 

Fig. 4.1 is discussed in detail for buck mode and boost mode of operation. For steady-state 

analysis of the proposed converter, all the switching devices and the energy storage elements 

are considered as ideal, the voltage across the capacitors is assumed constant and coupled 

inductors are considered as ideal transformer with turns ratio L2/L1. Magnetizing and 

leakage inductance of the inductors are referred to primary side of the ideal transformer.  

 

4.2.1.1 Boost  mode of Operation 

 

In this mode of operation the output voltage of the converter  is stepped-up  

controlling the the switch S1 along with conduction of switches S2, S3 and S4. To achieve the 

required voltage gain, duty ratio for S1 and S3 are  considered same and duty ratio for S2 and 

S4 are kept same with a phase difference of 180°. The detailed operation of the converter 

in boost mode is divided into six modes. Fig. 4.2 (a) & (b) represents the waveforms and 

principle of operation for boost mode respectively. 
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Fig 4.2. Waveforms for continuous conduction mode in boost operation 

         
Mode I:  In this mode of operation the switch S1 is ON and diode D3 is  conducting 

during  zero current switching (ZCS) condition. Fig 4.3 represents the direction of the 

current flow in the inductors.The inductor Lm is charged by the DC source voltage VL. 

The capacitor C3 is charged by the DC source voltage VL, C1 and L2. Capacitor C2 is 

discharged through the load.  The mode of operation ends when  switch S1 is OFF and 

during this interval  inductor currents starts increasing. 

 

Mode II:  In this mode of operation the switch S2 is ON and diode D3 is  conducting 

(forward biased) during  zero voltzge switching (ZVS). Fig 4.3 represents the direction 

of the current flow in inductors. The leakage inductor voltage is reversed and current in 

the inductor L2 starts increasing upto certain duration and when inductor current drops 

to zero,  diode D3 is reverse biased and ZCS condition is achieved. 
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Fig 4.3. Schematic of modes of operation for the proposed topology in boost mode 

 

Mode III: In this mode of operation the switch S2 is ON and diode D4 is  forward 

biased during ZCS condition. Fig 4.3 represents the direction of the current flow in 

inductors. The capacitor C2 is charged by the DC source voltage VL, capacitor C1 and 

inductor L1. Capacitor C3 is discharged through the load. This mode of operation ends 

whenever  the inductor L2 currents and leakage current are equal and the inductor 

currents starts decreasing. 
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Mode IV: In this mode of operation, the switch S2 is ON and diode D4 is conducting. 

Fig 4.3 represents the direction of the current flow in the inductors.The current flowing 

through the switch S2 is reversed which will reverse bias the diode D2 under ZCS 

condition.The capacitor C2 is charged by the DC source voltage VL, capacitor C1 and  

inductor L1. Capacitor C3 is discharged through the load. This mode of operation ends 

when switch S2 is OFF. 

 

Mode V:  In this mode of operation the switch S1 is ON and diode D4 is forward 

biased under ZVS condition.Fig 4.3 represents the direction of the current flow in the 

inductors.The leakage inductor voltage is reversed and inductor current starts increasing. 

 

Mode VI: In this mode of operation the switch S1 is ON and diode D4 is forward 

biased. Fig 4.3 represents the direction of the current flow in inductors. The current 

flowing through the switch S1 is reversed as a result the diode D1 becomes  reverse biased 

under ZCS condition.The inductor L2 current starts decreasing and when it reaches to 

zero diode D4 is reverse biased under ZCS condition. 

 

4.2.1.2 Buck mode of Operation 

 

In this mode of operation  the output voltage is stepped-down by controlling the 

switch S4 along the conduction of switches S1,S2 and S3.To achieve the required voltage 

gain, duty ratio for S2 and S4 are kept same and duty ratio for S1 and S3 are kept same 

with a phase difference of 180°. The complete operation of the converter in buck mode 

is divided into six modes. Fig 4.4 & Fig 4.5 represents the waveforms and principle of 

operation for buck mode respectively. 
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Fig 4.4. Waveforms for buck mode in continuous conduction mode 

 

Mode I:  In this mode of operation the switch S4 is ON and diode D2 is  forward 

biased. Fig 4.5 represents the direction of the current flow in inductors.The current 

through inductors Lm, Lk starts increasing and current flows through the diode D2 during 

this  period switch S2 is ON due to ZVS condition. The capacitor C3 is charged through 

VH and capacitor C1 is charged through L1. This mode of operation ends when the current 

through the switch S2 is zero. 

 

Mode II:  In this mode of operation the switches S2 and S4  are ON. The direction of 

the current flow in inductors is shown in Fig.4.5. When current flowing through the 

inductor L2 is greater than the current flowing through the inductor Lk, the diode D2 is  

reverse biased due to ZCS condition. The inductors Lm, Lk is charged by the capacitor 

C1. 
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Fig 4.5. Schematic of modes of operation for the proposed topology in buck mode. 

 

Mode III:  In this mode of operation the switches S1 and  S3 is  are ON and diodes 

D1, D3 are forward biased under this ZVS condition. The direction of the current flow in 

inductors can be observed from Fig.4.5. The current flowing through the inductor L2 

C1

C2

C3

. .

VL

VH

S1

S2

S3

S4

D1

D2
D3

D4

L1
L2

Lm

Lk

Mode 1

C
0

C1

C2

C3

. .

VL

VH

S1

S2

S3

S4

D1

D2
D3

D4

L1
L2

Lm

Lk

Mode 2

C
0

C1

C2

C3

. .

VL

VH

S1

S2

S3

S4

D1

D2
D3

D4

L1
L2

Lm

Lk

Mode 3

C
0

C1

C2

C3

. .

VL

VH

S1

S2

S3

S4

D1

D2
D3

D4

L1
L2

Lm

Lk

Mode 4

C
0

C1

C2

C3

. .

VL

VH

S1

S2

S3

S4

D1

D2
D3

D4

L1
L2

Lm

Lk

Mode 5

C
0

C1

C2

C3

. .

VL

VH

S1

S2

S3

S4

D1

D2
D3

D4

L1
L2

Lm

Lk

Mode 6

C
0



67 

 

starts decreasing and this mode of operation ends when the current   through L2 reaches 

to zero, and  the diode D3 is reverse biased due to ZCS condition. 

 

Mode IV:  In this mode of operation the switches S1, S3 is ON. The direction of the 

current flow in inductors is shown in Fig.4.5. The current flowing through the inductors 

Lm, Lk starts decreasing and increasing respectively.The capacitor C1 is charged by the 

capacitor C2 and  inductors L1, L2. 

 

Mode V:  In this mode of operation the switch S4 is ON and diodes D1, D4 is  

conducting  under ZVS condition. The direction of the current flow in inductors is shown 

in Fig 4.5. The current flowing through the inductors Lk, L2 starts decreasing and mode 

of operation  ends when inductor current L2 reaches to zero. 

 

Mode VI:  In this mode of operation the switch S4 is ON. The direction of the current 

flow in inductors is shown in Fig 4.5. The current flowing through the inductor L2 is 

reversed and starts flowing through the switch S4. The capacitor C2, inductor Lm are 

charged by the DC source. The current flowing through the inductors Lm, Lk starts 

increasing and decreasing  respectively and at a particular instant of time the magnitude 

of currents are equal and diode D1 is reverse biased under ZCS condition. 

 

4.2.1.3 Control Strategy of the Converter 

 

Fig 4.6 shows the control strategy of bi-directional power flow in the converter. 

According to the  voltage reference signal Uref, the converter operates either in boost 

mode or in buck mode of operation. When Uref=1, the converter operates in the boost 

mode where the boost voltage VH is compared with reference voltage Vref and the voltage 

balance between VH1 and VH2 is controlled by the PI voltage controller by setting the 

voltage error reference to zero. The output of the PI voltage controller gives the reference 

current for the energy storage device. Simultaneously,  the inductor currents iL is 

regulated by the current compensator with reference battery current in the current-loop. 

The corresponding duty value obtained is compared with the carrier wave to generate 

the gate signals for S1 – S4 in the boost mode. Similarly, when Uref =0, the converter 

operates in the buck mode where the buck voltage VL is regulated by the voltage 

compensator with the voltage reference, and the current compensator controls the current 



68 

 

iL with the current reference. The resultant signal is compared with repeating sequences 

to generate the gate signals for the switches S1 –S4 in the buck mode. 

 

 

Fig 4.6. Control strategy for voltage balancing and bi-directional power flow. 

 

4.2.2 Analysis of the Converter 

Analysis of the proposed converter w.r.t voltage gain, voltage stress across the 

switches, and current ripple in the converter are explained in detail. To simplify the analysis, 

all the switching devices and the energy storage elements are considered as ideal and the 

current flowing through the inductor is continuous and the voltage across the capacitors is 

assumed constant.   
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              𝑉𝐶2 = 𝑉𝐶1(1 + 𝑘) + 𝑉𝐿 −
2∗𝑘2∗𝑓𝑠∗𝑖

(1−𝐷)2 ∗ 𝐿𝑘                                               (4.1) [73] 

 

              𝑉𝐶3 = 𝑉𝐿(1 + 𝑘) + 𝑉𝐶1 −
2∗𝑘2∗𝑓𝑠∗𝑖

𝐷2 ∗ 𝐿𝑘                                               (4.2) [73] 

Where k= L2/L1, fs is the switching current and i is the load current referred to high 

voltage side. 

When the volt-second balance is applied to the magnetizing inductance Lm, the 

voltage across the capacitor C1 is given by 

 

                            𝑉𝐶1 =
𝐷

1−𝐷
*𝑉𝐿+(2 ∗ 𝑘 ∗ 𝐿𝑘 ∗ 𝑓𝑠 ∗ 𝑖) ∗

2𝐷−1

𝐷∗(1−𝐷)2                              (4.3) [73] 

 

Since, VH is equal to the sum of the voltage across the capacitors C2 and C3, the boost 

gain voltage conversion ratio of the proposed converter is defined as follows: 

 

𝑉𝐻1 =
(2 + 𝑘)

2 ∗ (1 − 𝐷) ∗ (1 + 𝑛)
 

                                                    

                                                     𝑉𝐻2 =
(2+𝑘)

2∗(1−𝐷)∗(1+𝑛)
                                              (4.4) [73] 

Where n value depends on coupled inductor leakage inductance. 

                                            

                                                     𝑛 =
2∗𝑘∗𝐿𝑘∗𝑓𝑠

𝑅
 
𝑘(1−𝐷)+2𝐷(1−2𝐷)

𝐷2(1−𝐷)2                                (4.5) [73] 

 

The magnetizing inductance current flows in the opposite direction during the buck 

operation at the continuous conduction mode, and power is transferred from high voltage to 

low voltage. The instantaneous modes 5 and 6 are ignored to simplify the steady-state 

analysis of the proposed converter during buck operation. 

From modes 1 and 4, the leakage inductor current are given by, 

 

                                            (∆𝑖𝐿𝑚)𝑂𝑁 =
 𝑉𝐶1(1+𝑘)−𝑉𝐻1+𝑉𝐿

𝑘∗𝐿𝑘
                                           (4.6) [73] 

 

                                           (∆𝑖𝐿𝑚)𝑂𝐹𝐹 =
 𝑉𝐻2−(1+𝑘)𝑉𝐿−𝑉𝐶1

𝑘∗𝐿𝑘
                                         (4.7) [73] 

 

Since the converter is assumed to operate in steady-state, the amount of energy stored 

in the inductor should be zero in one complete cycle. Therefore, 
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                       (∆𝑖𝐿𝑚)𝑂𝑁 = (∆𝑖𝐿𝑚)𝑂𝐹𝐹 

 

𝑖𝐿𝑚 = [𝑉𝐶1(1 + 𝑘) − 𝑉𝐻1 + 𝑉𝐿]𝐷 ∗ (2 − 𝐷) + [ 𝑉𝐻2 − (1 + 𝑘)𝑉𝐿 − 𝑉𝐶1](1 − 𝐷)2 

 

                                                        =2*k*𝑓𝑠 ∗ 𝐿𝑘 ∗ 𝑖                                               (4.8) [73] 

During ON time interval, the clamp capacitor C1 is charged by the difference of 

currents between leakage inductor and switch S4, and is discharged by the switch S3 current 

during OFF time interval. According to the ampere-second balance principle, and (4.6), the 

voltage across C2 can be expressed as follows: 

                                𝑉𝐻1 = 𝑉𝐶1(1 + 𝑘) + 𝑉𝐿 −
4∗𝑘∗𝐿𝑘∗𝑓𝑠∗𝑖

𝐷(𝑘+2)
                            (4.9) [73] 

Substituting (4.9) in (4.8) gives 

 

                                   𝑉𝐻2 = 𝑉𝐿(1 + 𝑘) + 𝑉𝐶1 +
2∗𝑘∗𝐿𝑘∗𝑓𝑠∗𝑖

(1−𝐷)2(𝑘+2)
(𝑘 − 2(1 − 𝐷))                           (4.10) 

In addition, the clamp capacitor C1 voltage is determined by applying the volt-second 

balance to the magnetizing inductance Lm, and 

 

                                         𝑉𝐶1 =
1−𝐷

𝐷
∗ 𝑉𝐿 +

2∗𝑘∗𝐿𝑘∗𝑓𝑠∗𝑖

𝐷∗(1−𝐷)∗(𝑘+2)
                                             (4.11) 

From (4.9) to (4.11) 

                                                                       𝑉𝐿 =
𝐷

𝑘+2+𝑛
*  𝑉𝐻                                      (4.12) [73] 

 

4.2.2.2 Voltage stress across the switches 

 

The voltage stress of switching devices may be expressed as a function of the 

operating modes and the abovementioned analyses. 

                                      𝑉𝑆1 = 𝑉𝑆2 =
𝑉𝐻

2+𝑘
=

𝑉𝐿

1−𝐷
                                             (4.13) 

                   𝑉𝑆3 = 𝑉𝑆4 = 𝑉𝐻2 + 𝑘 ∗ 𝑉𝐶1 = 𝑉𝐻1 + 𝑘 ∗ 𝑉𝐿 =
𝑉𝐿(1+𝑘)

1−𝐷
             (4.14) [73] 

(4.13) and (4.14) shows that the voltage stress of low voltage side switches is 

independent of the winding turns ratio. However, with low turn ratios, the voltage stress 

across the high voltage side switches decreases. As a result, by carefully selecting the 

winding turns ratio and duty cycle, the voltage stress across the power switches may be 

optimized. 
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4.2.2.3 Passive components design 

 

The current flowing through the magnetizing inductance is calculated from power 

balance equation, Pout=ηPin  

                                    𝐼𝐿𝑚 =
2+𝑘

(1−𝐷)(1+𝑛)
∗

𝑉𝐻

𝑅
= (

2+𝑘

(1−𝐷)(1+𝑛)
)

2

∗
𝑉𝐿

𝑅
                       (4.15) [73] 

Also, the magnetizing inductance current ripple is 

                                                    ∆𝐼𝐿𝑚 =
𝐷∗𝑉𝐿

𝐿𝑚∗𝑓𝑠
                                          (4.16) [73] 

Based on the charge balance equation Q = CΔV, the value of capacitors C2, C3 and C1 can 

be chosen according to the desired voltage ripple 

                                                   𝐶2 ≥
𝑉𝐻∗𝐷

𝑓𝑠∗𝑅∗∆𝑉𝐶2
                                                  (4.17) 

                                                   𝐶3 ≥
𝑉𝐻∗(1−𝐷)

𝑓𝑠∗𝑅∗∆𝑉𝐶3
                                                  (4.18) 

                                                    𝐶1 ≥
𝑉𝐻

𝑓𝑠∗𝑅∗∆𝑉𝐶1
                                         (4.19) [73] 

 

4.3   Simulation Results 
           To test the feasibility of the proposed bipolar bidirectional DC-DC converter, 

simulation studies are carried out from the developed mathematical model of the converter 

and results are presented. Table - 4.1 represents the parameters of various components of the 

converter. 

Table 4.1 System Parameters 

 Parameters Values 

SPV Specifications 
open circuit voltage 

Short circuit current 

32.9 V 

8.214 A 

Battery 

Specifications 

Ah capacity 

Voltage 

18 Ah 

100 V 

Converter 

Parameters 

Rated Power  

Capacitors values C1,C2,C3 

Inductors Lm, Lk 

Turns ratio 

Switching Frequency 

Boost voltage VH 

Buck voltage VL 

1000 W  

47µF 

150 µH,7 µH 

4 

50kHz 

400 V 

50 V 
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4.3.1 Simulation Results for Boost mode of operation. 

 

From the simulation results it is observed that for the input voltage of VL=50V, the 

output voltage of positive pole VH1, negative pole VH2, and boost voltage VH are shown 

in Fig.4.7(a). Further, the load variation is considered at time t=1sec, as a result the 

output power varies from 500W to 700W. The voltage balance between positive pole 

VH1 and negative pole VH2 is zero, and the output voltage is constant with the reference 

voltage 400V.  

 
 

Fig.4.7. Simulation results in boost mode with open loop 

 

(a) (b)

(c)

Zoomed version

(d)

(e)
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Fig. 4.7(b), shows the load currents i1, i2, as the load increases the load current starts 

increases at t=1 sec. The voltage stress across the switching devices is 200V i.e., half of the 

boost voltage as shown in Fig.4.7(c).  From Fig.4.7 (d) it can be observed that the voltage 

across the capacitor VC1 is 200V i.e., half of the boost voltage and also it has a very small 

ripple. Fig. 4.7(e) shows the source current ilow. From this it can be observed that the current 

ripple is less and within the permitted limits. When VH is constant at 400V, the efficiency in 

the boost mode of operation of the proposed converter with different power levels are shown 

in Fig 4.10(a). From this it is observed that the maximum efficiency occurred at 96.4% at a 

load of 180Ω. 

 

4.3.2. Simulation Results for Buck mode of operation. 

 
For the input voltage of VH=400V, the output voltage VL is shown in Fig 4.8(a). 

Voltage stress across the switching devices is 200V, which is half of the input voltage as 

shown in Fig. 4.8(b).The voltage across the capacitor VC1 is 200V i.e., half of the input 

voltage with small ripple is shown in Fig. 4.8(c).The inductor current are shown in Fig. 4.8 

(d), the current ripple is 6.8%.  

 
 

Fig.4.8. Simulation results in buck mode. 

Zoomed version

(c) (d)

(b)(a)
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When VH is constant at 400V, and power level changes continuously between 400W and 

2000W, the efficiency curve for buck operation of the proposed converter is shown in Fig 

4.10(b) and it is observed that the maximum efficiency occurred at 97% at a load of 2.5 Ω. 

 

4.3.3. Integration of Energy Storage System to the Grid  

 
For the considered solar photovoltaic (SPV) panel 1, ipv1 is changed at t=2sec, 4sec 

and 5sec, the boost voltage remains constant by varying the duty cycle of the converter and 

the power level tracks to the given limits which is shown from Fig. 4.9(a).  

 

 
 

Fig. 4.9. Simulation results for change in load and SPV generation with closed- 

               loop controller . 

 

(d)(c)

(e)

(a)
(b)
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For SPV panel 2, ipv2 is changed at t= 5sec, the boost voltage remains constant by 

varying duty cycle of the converter and the power level tracks to the given limits is shown 

in from Fig. 4.9(b). At t=3sec and t=5 sec the load is varied by changing Resistance R value 

from 50Ω to 25Ω in each positive pole and negative pole respectively. From Fig. 4.9(c) it is 

observed that the voltage difference between the capacitors is zero and the boost voltage is 

regulated to the grid voltage of 300 V and also the battery voltage remains constant. The 

change in load current and battery current is shown in Fig. 4.9(d). The changes in powers 

are shown in Fig. 4.9(e). 

 
Fig 4.10. Efficiency of the bipolar  bidirectional DC-DC  converter 

(a)   Boost Mode  (b) Buck Mode 

 

4.4   Summary 
 

In this chapter a non-isolated bipolar bi-directional DC-DC converter with coupled 

inductors is proposed for bipolar DC micro-grids suitable for both low power and high power 

applications to achieve high voltage gain with low voltage stress across the switches.To 

obtain these features a zero voltage switching in both boost mode and buck mode of 

operation is implemented. Inherent voltage balance across the capacitors is achieved without 

any additional control technique. The maximum efficiency occurred in boost and buck mode 

of operation are 96.4% and 97% respectively. 
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5.1 Introduction 

 

In this chapter, a non-isolated bipolar bidirectional DC-DC converter for renewable 

energy system is presented to achieve a high voltage-gain with lower values of duty cycle 

for the converter. Further control strategies are proposed to reduce the ripple in the inductor 

current and also to achieve voltage balance across the series connected capacitors in the 

proposed converter topology. Detailed analysis, simulation and experimental results are 

presented to highlight the merits of the proposed converter topology.  

 

5.2    High Gain Bipolar Bidirectional DC-DC Converter 

 
The proposed converter consists of a low voltage half bridge converter and a high 

voltage L-C half bridge resonant network. This configuration consists of four IGBTs S1, S2, 

S3, and S4 which are controlled to obtain both boost mode and buck mode of operation for 

the converter. The L-C resonant circuit is formed by the inductor La and capacitor Ca.  

Capacitors C1, C2 and C3 are connected at the input and output terminals of the converter.  

Voltage across C1, C2, and C3 are VL, VH1 and VH2 respectively. Whereas ihigh and ilow 

represent the high-voltage and low-voltage side currents. Detailed operation of the proposed 

converter is discussed in subsequent sections.  

 
 

Fig 5.1. Proposed  bipolar bidirectional DC-DC converter topology 
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5.2.1 Analysis of the Proposed Topology-4 
  

For steady-state analysis of the proposed bi-directional DC-DC converter, all the 

switching devices and the energy storage elements are considered as ideal and the current in 

inductor is continuous; the voltage across the capacitors is assumed constant. 

 

5.2.1.1 Boost mode of Operation 

 

In this mode of operation the output voltage of the converter  is stepped-up by 

controlling the switches S1, S2, S3 and S4. To achieve the required voltage gain, duty ratio 

for S1 and S2 are kept same with 180° phase difference and duty ratio for S4 and S3 are kept 

same with a phase difference of 180°. The complete operation of the converter in boost mode 

is divided into five modes. Fig 5.2 & Fig 5.3 represents the waveforms and operation in 

boost mode respectively.  

 

Mode I:  In this mode of operation the switch S1 is ON under ZVS condition, and 

switchesS2, S3 and S4 are OFF. The diodes D1 and D4 are forward biased, and the diodes D2 

and D3 are reverse biased.  Fig. 5.3 shows the direction of current iLa, iL1 in the inductors La 

and L1. The inductor L1is charged by the DC voltage source VL, and inductor La discharges, 

whereas inductor La charges the capacitor C2, C3 and Ca.  

 

Mode II:  During this mode of operation when current flowing through the inductor 

iL1 is larger than the current flowing through the inductor iLa, the polarity of the current 

through the switch S1 changes which makes the switch S1 to ON. When the discharging 

current iLa reduces to zero, the switch S4 is OFF under ZCS condition and diode D3 is forward 

biased. 

 

Mode III: In this mode of operation the switch S3 is ON under ZVS condition. Fig 

5.3 shows in which direction current is flowing in the inductor i.e iL1, iLa. The inductor La is 

charged by the capacitor Ca. The current flowing in the switch S1 is sum of the currents 

flowing through the inductors iL1 and iLa. 

 

Mode IV: In this mode of operation the switches S1, S3is OFF. The diodes D2, D3 is 

forward biased. Fig 5.3 shows in which direction current is flowing in the inductor i.e iL1, 
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iLa which starts decreasing. The switch S2 is ON under ZVS condition. When the decreasing 

current iLa of the inductor La reaches zero, the S3 is OFF under ZCS condition and whenever 

the polarity of iLa is reversed, the diode D4 is forward biased. 

 

 

Fig 5.2. Waveforms for boost operation in continuous conduction mode 

 

Mode V: In this mode of operation the switch S4 is ON under ZVS condition. The 

direction of currents flowing in the inductor L1 and La are shown in Fig. 5.3. Current in the 

inductor L1,(iL1) starts decreasing, whereas current flowing in the inductor La (iLa) starts 

increasing. The capacitors C2 and C3 starts discharging through the load. 
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Fig 5.3. Modes of operation for the converter in boost mode 

 

 

5.2.1.2 Buck mode of Operation 

 

In this mode of operation voltage is stepped-down by regulating the switches S1, S2, 

S3, and S4. To achieve the required voltage gain, duty ratio for S3 and S4 are kept same with 

a phase difference of 180° and duty ratio for S1 and S2 are kept same with a phase difference 

of 180°.The detailed operation of the converter in buck mode is fragmented to five modes. 

Fig 5.4 & Fig 5.5 shows the waveforms and principle of operation for buck mode 

respectively. 
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and D3 are forward biased. Fig 5.5 shows the direction of current in the inductors. The 

inductor currents iL1, iLa starts increasing and decreasing respectively. Capacitor C2 and C3 
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are charged by the DC sources VH1 and VH2 respectively. The inductors L1, La gives the 

output to the load connected on low voltage side. 

 

 

Fig 5.4. Waveforms for buck mode in continuous conduction mode 

 

Mode II:  In this mode of operation the switch S3 is ON under ZVS condition and 

with dead time the switch S1 is ON. Fig 5.5 shows the direction of current flowing in the 

inductors L1 and La. Currents iL1, iLa starts increasing and decreasing respectively. Current 

flowing through iLa reaches to zero at the end of this mode. 
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Mode III: In this mode of operation the switch S3 is ON and with dead time the switch 

S1 is ON. Fig 5.5 shows in which direction current is flowing in the inductor i.e iL1, iLa. The 

polarity of iLa changes and current flowing through the inductor La (iLa) starts increasing. 

 

Fig 5.5. Types of operation in buck mode. 

 

Mode IV:  In this mode the switch S4 is ON under ZVS condition and switches S1 

and S3 are OFF. The diodes D1 and D4 are forward biased .Fig 5.5 shows the direction of 

current is flowing in the inductors L1 and La (i.e iL1, iLa). The current through the inductor 

La starts decreasing and at the end of this the mode the current reaches to zero.  
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inductors L1 and La (i.e iL1, iLa) starts increasing and decreasing respectively. The switch S2 

is ON under ZVS condition. 

5.2.1.3  Control Strategy of the Converter 

 

Fig 5.6 shows the control strategy of bi-directional power flow in the proposed 

converter. This control strategy also offer voltage  balance. The voltages VH1, VH2, and VL 

and the inductor current iL1 are measured by using hall effect voltage and current sensors and 

fed to digital signal processor TMS320F28379D to implement the control strategy. The 

converter works in either boost or buck mode depending on the Uref signal. When Uref=1, 

the converter works in boost mode, where boost voltage VH is compared to the reference 

voltage Vref and the PI regulator controls it by setting the voltage error reference to zero. 

Simultaneously, the inductor current iL1 is regulated by the current compensator with 

reference inductor iL1
* in the current-loop. The corresponding duty value obtained is 

correlated with the carrier wave to produce the gate signals for S1–S4 in boost mode.  

Similarly, when Uref =0, the converter operates in the buck mode where the buck voltage 

VL is regulated by the voltage compensator with the voltage reference, and the current 

compensator controls the current iL with the current reference. The resultant signal is 

compared with repeating sequences to produce gate signals for S1 –S4 in the buck mode.  

 
 

Fig 5.6. Control strategy for bi-directional power flow. 

 

5.2.1.4 Voltage Gain of the Converter 

 

To simplify the analysis, all the switching devices and the energy storage elements 

are considered as ideal and the current flowing through the inductor is continuous and the 
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voltage across the capacitors is assumed constant.  Analysis of the proposed converter w.r.t 

voltage gain and voltage stress over the switches, and current wave in the converter are 

explained in detail below: 

Voltage gain in boost mode 

  From the mode-1 operation of boost converter shown in Fig.5.3, switch S1 is ON 

current in inductor iL1 starts charging from the dc source VL, and the inductor current iLa 

starts discharging to charge Ca, the discharge rate are given by 

𝐿1

𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐿  

 𝐿𝑎
𝑑𝑖𝐿𝑎

𝑑𝑡
= 𝑉𝐶𝑎 − 𝑉𝐶1 − 𝑉𝐶2                                               (5.1) 

In mode-3, switch S3 is ON, current in inductor iLa starts increasing linearly, the 

discharge rate is given by 

 𝐿𝑎
𝑑𝑖𝐿𝑎

𝑑𝑡
= 𝑉𝐶𝑎 − 𝑉𝐶1                                                     (5.2) 

In mode-4, switch S2 is ON, the current flowing through the inductors i.e iL1, iLa starts 

decreasing, the discharge rate is given by 

𝐿1

𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐿 − 𝑉𝐶1 

 𝐿𝑎
𝑑𝑖𝐿𝑎

𝑑𝑡
= 𝑉𝐶𝑎                                                             (5.3) 

In mode-5, switch S4 is ON, current in inductor iLa starts increasing linearly, the 

discharge rate is given by 

 𝐿𝑎
𝑑𝑖𝐿𝑎

𝑑𝑡
= 𝑉𝐶𝑎 − 𝑉𝐶2                                                      (5.4) 

Since the converter is assumed to work in steady state, the amount of energy stored 

in the inductor should be zero in one complete cycle. Therefore, 

(∆𝑖𝐿1)𝑂𝑁 = (∆𝑖𝐿1)𝑂𝐹𝐹 

(∆𝑖𝐿𝑎)𝑂𝑁 = (∆𝑖𝐿𝑎)𝑂𝐹𝐹                                 (5.5) 

From equations (5.1), (5.2), (5.3), (5.4) 

𝑉𝐻1 =
1

1 − 𝐷
𝑉𝐿 

𝑉𝐻2 =
1

1−𝐷
𝑉𝐿                                    (5.6) 
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Voltage gain in buck mode 

 

From the mode-1 operation of buck converter shown in Fig.5.4 & Fig.5.5, diodes D1 

and D3 are forward biased, the current flowing the inductor iL1 starts decreasing linearly, the 

discharge rate is given by 

𝐿1
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐿                                                            (5.7) 

In mode-3, switches S1 and S3 are ON, current flowing the inductor iLa starts 

increasing linearly, the discharge rate is given by 

 𝐿𝑎
𝑑𝑖𝐿𝑎

𝑑𝑡
= 𝑉𝐶𝑎 − 𝑉𝐶1                                                       (5.8) 

In mode-4, switch S4 is ON, current flowing the inductor iLa starts decreasing 

linearly, the discharge rate is given by 

 

 𝐿𝑎
𝑑𝑖𝐿𝑎

𝑑𝑡
= 𝑉𝐶𝑎 − 𝑉𝐶1 − 𝑉𝐶2                                               (5.9) 

In mode-5, diode D2 is ON, current flowing the inductors iLa and iL1 starts decreasing 

and increasing linearly respectively, the discharge rate is given by 

𝐿1

𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝐿 − 𝑉𝐶1 

 𝐿𝑎
𝑑𝑖𝐿𝑎

𝑑𝑡
= 𝑉𝐶𝑎 − 𝑉𝐶2                                                       (5.10) 

Assuming the converter to work in an ideal state, the energy stored in the inductor 

should be zero in one complete cycle. Therefore, 

 

(∆𝑖𝐿𝑎)𝑂𝑁 = (∆𝑖𝐿𝑎)𝑂𝐹𝐹 

 
(∆𝑖𝐿1)𝑂𝑁 = (∆𝑖𝐿1)𝑂𝐹𝐹                              (5.11) 

From equations (5.7), (5.8), (5.9), (5.10) 

𝑉𝐶1 =
𝑉𝐿

𝐷
 

𝑉𝐶2 =
𝑉𝐿

𝐷
 

 
𝑉𝐶1 + 𝑉𝐶2 = 𝑉𝐻 

 

𝑉𝐿 =
𝐷

2
𝑉𝐻                                             (5.12) 



86 

 

5.2.1.5 Voltage stress across the switching devices 

 

 From buck mode of operation and the boost mode of operation shown in Fig 5.5 & 

Fig 5.3, respectively, when switch S3 is ON, and S4 is OFF in mode-III; it is clear that S3 

and C3 are in parallel. So, voltage across S3 and C3 are equal. Similarly, the switch S3 is OFF, 

and S4 is ON in mode-V; it is observed thatS4 and C2 are in parallel. So, voltage across S4 

and C2are equal. The voltage stress for the switching devices is: 

𝑉𝐶2 = 𝑉𝐶3 =
1

1 − 𝐷
𝑉𝐿 

𝑉𝐻 =
2

1 − 𝐷
𝑉𝐿 

               𝑉𝑆1 = 𝑉𝑆2 = 𝑉𝑆3 = 𝑉𝑆4 =
𝑉𝐻

2
                                       (5.13) 

 

5.2.1.6 Current ripple in the inductors 

  

In Boost mode of operation, 

From equations (5.1), the current ripple iL1 is given by 

∆𝑖𝐿1 =
𝑉𝐿 ∗ 𝐷 ∗ 𝑇𝑠

𝐿1
 

Where D=duty cycle 

∆𝑖𝐿1 =
𝑉𝐻∗𝐷∗(1−𝐷)∗𝑇𝑠

2𝐿1
                                     (5.14) 

From equation (5.3), the current ripple iLais given by  

∆𝑖𝐿𝑎 =
𝑉𝐶𝑎 ∗ (1 − 𝐷) ∗ 𝑇𝑠

𝐿𝑎
 

∆𝑖𝐿𝑎 =
𝑉𝐻∗(1−𝐷)∗𝑇𝑠

2𝐿𝑎
                                                 (5.15) 

In Buck mode of operation, 

From equations (5.7), the current ripple iL1 is given by 

∆𝑖𝐿1 =
𝑉𝐻∗𝐷∗(1−𝐷)∗𝑇𝑠

2𝐿1
                                   (5.16) 

From equation (5.8), the the current ripple iLa is  

∆𝑖𝐿𝑎 =
𝑉𝐻∗𝐷∗(1−2𝐷)∗𝑇𝑠

2𝐿𝑎
                            (5.17) 
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5.3. Simulation and Experimental Results 

  

Simulations are carried out on the developed mathematical model using 

Matlab/Simulink. To validate the simulation results, experiments are carried out on a 500 

Watt Lab scale prototype bi-polar bi-directional DC-DC converter. Fig 5.7 represents the 

photograph of experimental set up of bi-polar bi-directional DC-DC converter. Table 5.1 

shows the parameters of different components of the converter. 

Loads

Launch pad 

control board

TMS320F28379D

Voltage 

scaling circuit

Current 

sensor

 
Fig 5.7.Experimental prototype of bi-polar bi-directional DC-DC converter 

 

 

Table 5.1 Converter Parameters. 

Parameters Values 

Rated Power  500 W  

Switched Capacitors values C1,C2,C3 1000µF  

Inductor L1 

Resonant Parameters 

600µH 

La=2µH,Ca=20 µF 

Switching Frequency  10kHz  

Boost voltage VH 400 V 

Buck voltage VL 100V 
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5.3.1 Simulation and Experimental Results in Boost Mode 

 

 From the simulation and experimental results it is observed that for the input voltage 

of VL=100V, the inductor current is shown in Fig 5.8 and Fig 5.9.  From the experimental 

results it is observed that ripple in the inductor current iL1 is 18.3%. From equation (5.14), 

the theoretical value and also from simulation results, it is observed that ripple in the 

inductor current is 20%.  Therefore it is observed that the ripple in the inductor current in 

both cases is close.  The voltage stress across the switching devices is 200V i.e., half of the 

boost voltage is represented in Fig 5.8 and Fig.5.9, and the current through the switch is 

shown in Fig 5.8 and Fig.5.9. From the result it is proven that the switch is turned ON under 

ZVS condition and ZCS turn OFF condition. 
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Fig 5.8. Simulation results in boost mode open loop (a) Inductor current, output voltages 

              VH1, VH2, Total boost voltage, VH. (b) Voltage stress across the switching device, 

               current through the switching device, load current i1, i2.  
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Fig 5.9.Experimental results in boost mode (a) Output voltages VH1, VH2, input voltage, 

             total boost voltage VH, inductor currents iL1 and iLa, load current i1, i2. (b) Voltage 

            stress across power device, current through the switching device, voltage across  

             capacitor VCa. 
 

Further, the load variations considered at t=0.5sec, the output power varies from 

400W to 300W. The voltage balance between positive pole VH1 and negative pole VH2 is 

zero, and the output voltage is constant with the reference voltage 400V. The inductor 

current, output voltages, the load currents are shown in Fig 5.10 and Fig.5.11. Along with 

load variations, the reference voltage is also controlled with the closed loop controller, at 

t=0.5 sec, the load variations shows the variation in power from 400W to 300W and at 

t=1sec, the reference voltage variation is shown from VH=400V to VH=300V. The inductor 

current, output voltages, the load currents are shown in Fig 5.12. 
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Fig 5.10. Simulation results in boost mode with load variations (a) output voltages VH1, 

               VH2, Total boost voltage, VH. (b) Voltage stress across the switching device, 

               current through the switching device, load current i1, i2. 

(a)

(b)
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Fig.5.11.  Experimental results in boost mode: output voltages VH1, VH2, total boost     

                voltage, VH, Input voltage VL, inductor current iL1, load current i1, and i2. 
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Fig 5.12(a). Simulation results in boost mode with closed-loop controller: Output   

                     voltages VH1, VH2, Total boost voltage, VH, Inductor current iL1, Load 

                     current i1, and i2. 

 

 (b).  Experimental results in boost mode with closed-loop controller: Output     

         voltages VH1, VH2, Total boost voltage, VH, Input voltage VL,  

         Inductor current iL1, Load current i1, and i2. 
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Fig 5.13. Interleaved bi-polar bi-directional DC-DC converter 

 

 

Interleaved pattern for the proposed half bridge resonant based bi-polar bidirectional 

DC-DC converter is implemented and shown in Fig 5.13. To decrease output current ripple, 

a redesigned interleaved half bridge resonant circuit is used. Because the capacitors, C2 and 

C3, are employed for voltage division and subsequently discharge to and charge from the 

low-voltage side, a high bidirectional voltage conversion ratio may be accomplished with a 

suitable duty ratio. From Fig. 5.14, it can be seen that the voltage stresses across the switches 

is 200V. Fig. 5.14 illustrates the currents of IL1, IL2 and (IL1+IL2). It can be seen from Fig. 

5.14, the current ripples for IL1 and IL2 are both about 2% and the current ripple for (IL1+IL2) 

is reduced to 0.8% due to interleaved configuration structure. From Fig 5.14 it is observed 

that the source current is continuous and also ripple is small.  The output voltage of positive 

pole VH1, negative pole VH2, and boost voltage VH are shown in Fig 5.14. The capacitor 

voltage VC1 is 200V i.e., half of the boost voltage with a small ripple is shown in Fig 5.14. 
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Fig 5.14. Simulation results in boost mode with interleaved pattern: Output voltages  

               VH1, VH2, Total boost voltage, VH, Load current i1, and i2, Source current,  

                Inductor currents iL1, iL2, Voltage stress across the switching device, Current 

                through the switching device. 
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When VH is constant at 400V, and VL changes incessantly between 50V and 100V, the 

efficiency curves (boost operation of the proposed converter with different power levels) are 

shown in Fig 5.17 (a) and it is observed that the maximum efficiency occurred at 97.8% at 

a load of 80 Ω. 

5.3.2 Simulation and Experimental Results in Buck Mode 
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Fig 5.15. Simulation results in buck mode: inductor current, buck Voltage Vlow, Source  

                current, voltage stress in switch VS1, current through the switch S1. 

 

               Experimental results in buck mode: Inductor current, buck Voltage Vlow, voltage 

               across capacitor, source current, and voltage stress in switch VS1, current 

               through the switch S1. 
 

For the input voltage of VH=400V, the inductor current is shown in Fig 5.15. The 

load current ripple from the experimental result is Δilow is 14.6%. From equation (5.16), the 

theoretical value of ripple Δilow is 16%. From the simulation and experimental results, it is 

verified that the proposed converter behaviour w.r.t to load current ripple is close to 

theoretical value. From Fig 5.15 it is clear that the ripple of the load current is very small 

and it is almost continuous current.  The output buck voltage VL is shown in Fig 5.15.The 

voltage across the capacitor VC1 is 200V i.e., half of the input voltage with small ripple is 

shown in Fig 5.15. The source current is shown in Fig 5.15. The voltage stress across the 

switching devices is 200V i.e., half of the boost voltage is shown in Fig 5.15and the current 

through the switch is shown in Fig 5.15. From the result it is proven that the switch is turned 

ON under ZVS condition and switched OFF under ZCS condition. When VH is constant at 



98 

 

400V, and VL changes incessantly between 50V and 100V, the efficiency in buck mode of 

operation of the proposed converter with different power levels are shown in Fig 5.17(b) 

and it is observed that the maximum efficiency occurred at 97.6% at a load of 2.5 Ω.  

 
 

Fig 5.16. Simulation results in buck mode: Buck Voltage Vlow, Load current, Inductor 

                currents iL1, iL2, Voltage stress in switch VS1, Current through the switch S1. 
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Fig 5.17. Efficiencies of the bipolar  bidirectional DC-DC converter 
 

 

5.4 Summary 

In this chapter a non-isolated soft switching bi-polar bi-directional DC-DC converter 

for bi-polar DC micro-grids with energy storage systems is proposed to achieve high voltage 

gain of 4 to meet high power requirements. A 500W prototype bi-polar bi-directional DC-

DC converter is fabricated and verified at a duty cycle of 0.5 with a switching frequency of 

10 kHz is used to achieve a voltage gain of 4. To accomplish high voltage gain and less 

switch voltage stress, a zero voltage switching during turn-on and zero current switching 

during turn-off in both boost mode and buck mode of operation is implemented and results 

are presented in Table-5.2 w.r.t the number of components used, voltage gain, voltage stress 

and current stress. Further, the proposed control strategy offered a reference grid voltage and 

voltage balance across the output capacitor. The maximum efficiencies achieved in boost 

and buck modes are 97.8% and 97.6% respectively. The proposed converter can be used as 

one of the alternative choices for bipolar bi-directional DC micro-grids with energy storage 

systems for urban/suburban areas and may also be preferred for electric vehicle charging 

stations. 

 

 

 

 

(a) In boost mode (b) In buck mode
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Table-5.2 Comparison of proposed converters with conventional bipolar bidirectional DC-DC converters 

 

 

Converter 
Switches 

 
L C 

Gain (boost 

mode) 

Gain 

(buck 

mode) 

Voltage 

stress 

Current 

stress  

Current 

ripple 

Efficiency  

In Boost 

Mode 

Efficiency  

In Buck 

Mode 
Soft Switching 

Conventional Bipolar 

BDC  
6 1 2 

1

(1 − 𝑑1)
 d2 0.5*Vhigh High Low 

 

91.02% 

 

92.2% No 

Flying Capacitor Based 

Bipolar BDC 
4 1 2 

1

(1 − 𝑑1)
 d2 0.5*Vhigh High Low 

 

94.9% 

 

94.5% No 

Switched Capacitor 

Based Bipolar BDC 
6 5 4 

2

(1 − 𝑑1)
 𝑑2/2 0.5*Vhigh High High 

 

92.08% 

 

92.9% 
No 

Neutral Point Clamped 

Based Bipolar BDC  
12 1 3 

1

(1 − (𝑑3 + 𝑑4)
 

(d1 +d2)-

1 
0.5*Vhigh High High 

 

95.6% 

 

95.4% 
Zero current 

turn-on 

Proposed Bipolar BDC 

for medium and high 

voltage DC micro-grids 

(N =PU module) 

4*N 

 

2*N 

 

2*N 

 
N+1 

1

𝑁 + 1
 

2 ∗ Vhigh

(𝑁 + 1)
 High High 

 

96.8% 

 

96.7% 

Zero current 

turn-on and turn-

off for all 

switches 

Proposed Interleaved 

Switched-Capacitor 

Based Bipolar BDC 

6 2 4 
2

(1 − 𝑑1)
 𝑑2/2 0.5*Vhigh Low Low 

 

96.6% 

 

96.6% 
Zero current 

turn-on 

 

Proposed Bipolar BDC 

with Coupled Inductors 

4 1 1 
2 + 𝑛

(1 − 𝑑1)
 

𝑑2

𝑛 + 2
 

𝑉𝑆1

=
𝑉𝐻

2 + 𝑛
 

Low Low 

 

96.4% 

 

97% 

zero-voltage-

switching for all 

switches 

Proposed Bipolar BDC 

with High Voltage 

Gain 

4 2 1 
2

(1 − 𝑑1)
 𝑑2/2 0.5*Vhigh Low Low 

 

97.8% 

 

97.6% 

zero-current-

switching turn 

off of some 

switches 
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Conclusions and Future Scope 
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6.1.   Conclusions 

 

In this research work an attempt was made to propose various non-isolated bipolar 

bidirectional DC-DC converter topologies for bipolar DC micro grids with energy storage 

systems. The proposed converter offer high voltage gain with reduced switching losses due 

to resonant switching (ZVS/ZCS)  also offered an inherent voltage balance across the output 

capacitors there by achieving good voltage regulation at the both the poles of the Bipolar 

DC bus. The conclusions derived out of this research work are listed below. 

The following conclusions have been derived from this research work. 

 

1. The proposed converter topology-1 achieves high voltage gain and low voltage 

stress across the switching devices. Zero voltage switching and zero current transition are 

achieved in both boost mode and buck mode. In the process of control, voltage balance 

across the capacitors is achieved without any additional controller and control loop. 

Simulations results show the merits achieved out of it and maximum efficiency in boost and 

buck mode of operation is 96.2% and 96.6% respectively. This converter topology and 

control technique is suitable for HVDC transmission and also electric vehicle charging 

stations.  

 

2. In proposed converter topology-2, a 500W prototype bi-polar bi-directional 

DC-DC converter is fabricated and verified at a duty cycle of 0.75 is used to achieve a 

voltage gain of 8. To accomplish high voltage gain and less voltage stress across the 

switches, a zero voltage switching in both boost mode and buck mode of operation is 

implemented. Further, the proposed control strategy offered a reduced current ripple and 

voltage balance across the output capacitor. The maximum efficiencies obtained in boost 

and buck mode is 96.2% and 96.6% respectively. The proposed converter can be one of the 

alternative choices for DC micro-grids with energy storage systems and electric vehicle 

charging stations. 

 

3. In proposed converter topology-3, a non-isolated soft switching bipolar 

bidirectional DC-DC converter for bipolar DC micro-grid is simulated to facilitate the 

energy storage at low voltage. This converter simulation results are presented for a grid 

voltage of 400 V and battery voltage of 50 V for boost mode and buck mode of operation. 
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The topology provides bidirectional power flow from grid to battery and inherent voltage 

balance across the capacitors is achieved without any control technique. The maximum 

efficiencies achieved in boost and buck modes are 96.4% and 97% respectively. 

 

 

4. In proposed converter topology-4, a 500W prototype bi-polar bi-directional 

DC-DC converter is fabricated and verified at a duty cycle of 0.5 at switching frequency of 

10 kHz to achieve a voltage gain of 4. To accomplish high voltage gain and less switch 

voltage stress, a zero voltage switching during turn-on and zero current switching during 

turn-off in both boost mode and buck mode of operation is implemented. Further, the 

proposed control strategy offered a reference grid voltage and voltage balance across the 

output capacitor. The maximum efficiencies achieved in boost and buck modes are 97.8% 

and 97.6% respectively. The proposed converter can be used as one of the alternative 

choices for bipolar bi-directional DC micro-grids with energy storage systems for 

urban/suburban areas and also for electric vehicle charging stations. 

 

 

6.2.   Future scope 
 

 Experimental verification of the proposed converters in the battery energy storage 

system would help to further analyze and investigate the behavior of the power electronic 

interface and the energy storage system dynamics under transient operation  in real-time.  

 Further research could be done by examining the performance of the grid with an 

active combination of two or more energy storage devices (such as batteries and ultra-

capacitors) interfaced via bidirectional DC-DC converters on the low voltage, high current 

side. Interaction of battery energy storage and ultra-capacitor energy storage with the grid 

under various power demands can be studied. Such an active combination could possibly 

lead to an efficient energy storage system with reduced size. 

 Research on the power management strategy can be done to incorporate the 

transition between the energy storage systems and to the grid smoothly. 



 

 

 

 

 

 

 

 

Appendix-A 
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Appendix A:  Simulation and Experimental Parameters for all the 

Proposed Converter Topologies. 

A1: Simulation Parameters 

 

Start time 0.0 sec 

Stop time 1.0 sec 

Solver type Fixed step 

Solver Ode 1 (Euler) 

Tasking mode Single tasking 

 

A2: Experimental Parameters 

 

Start time 0.0 sec 

Stop time Infinite 

Solver type Fixed step 

Solver Ode 1 (Euler) 

Tasking mode Single tasking 
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