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Abstract. The paper presents a synthesis of the author contributions in developing a new class of        

DC-DC hybrid converters (HDC) with large voltage conversion ratio. The HDC structures are 

obtained by introducing commutated inductive and capacitive cells in the classical DC-DC 

converters. With these topologies, the voltage conversion ratio is larger, at the same duty cycle, 

compared with the classical converters. The paper presents some of the developed configurations, 

with unidirectional and bidirectional power flow, and some corresponding applications in renewable 

energy conversion and automotive industries. 
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1. INTRODUCTION 

DC-DC converters (DC) are a class of power electronics equipment, which has shown a particularly 

positive dynamic in recent years, supported mainly by the renewable energy industries, DC power 

distribution, automotive, telecommunications, lighting, IT and aerospace [1–3]. 

Large voltage conversion ratio can be implemented with non-isolated structures, with multiple passive 

components [4, 5], hybrid switched capacitors [6, 7], switched inductors [8, 9], or a combination of switched 

capacitors and switched inductor structures[10–17]. 

The hybrid DC-DC converters, the main subject of this work, were developed starting from the papers 

published by B. Axelrod, Y. Berkovich, and A. Ioinovici [14], who proposed the integration in the classical 

DC-DC converters (Buck, Boost, Buck-Boost, Củk, Sepic and Zeta) a commutated inductive or capacitive 

cells. In “step-down” converters, the cells structures are presented in Fig. 1. For “step-up” configurations the 

inductive and capacitive cells are presented in Fig. 2. 

A synthetic overview of classical DC-DC converters, and the corresponding basic hybrid structures, 

using capacitive and inductive cells, is presented in Table 1, where Vin, Vout and D are the input, the output 

converters voltages, and the duty cycle respectively. 
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Fig. 1 – Capacitive and inductive cells used in “step-down” DC-

DC converters: a) down 1; b) down 2; c) down 3. 
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Fig. 2 – Capacitive and inductive cells used in “step-up”  

DC-DC converters: a) up 1; b) up 2; c) up 3. 
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Table 1 

The Vout / Vin relation as a function of D 
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In the next sections two of the developed hybrid converters will be presented with analytical 

description, experimental results and implemented applications: one, the first structure developed for a small 

power wind energy conversion system (WECS), and the last converter for an electric drive application in e-

mobility. Both applications were developed in research programs, financed by an EEA grant and, 

respectively, by the Romanian Government.  

From each configuration extended presentations can be found in the corresponding references 

published by the authors at international journals and conferences.  

2. HYBRID BUCK SWITCHED-INDUCTOR DC-DC CONVERTER 

The hybrid Buck switched-inductor DC-DC converter (SIHDC) is obtained by inserting an inductive 

cell (Down 2) in a Buck converter Fig. 3 [18]. The corresponding SIHIC circuit states for ton (T1 is ON) and 

toff (T1 is OFF, and D1 and D2 are ON) are presented in Fig. 4, where the switching period TS = ton + toff . The 

main operation waveforms are presented in Fig. 5. The voltage ratio as a function of the duty cycle is given 

by: 

out on

in

,    
2 S

V D t
D

V D T
= =

−
. (1)  

The converter was designed in order to be implemented in a small power (5kW) WECS, presented in 

Fig. 6, where: PMSG is a permanent magnet synchronous generator, DB is a diode bridge, SC is a 

supercapacitor, CHRG represents the charger for a battery bank (BK), and INV is the inverter used for 

converting the DC voltage in AC single phase voltage. 
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Fig. 3 – The hybrid Buck switched-inductor DC-DC converter. 
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Fig. 4 – Converter circuit states for: a) ton ; b) toff . 
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Fig. 5 – Theoretical waveforms of the Improved SIHDC converter. 

 
Fig. 6 – The WECS configuration and components. 

The SC acts a primary energy storage element, necessary to have a high-power density, in order to be 

capable of extracting and storing the maximum power from the generator. The WECS control uses a classical 

MPPT algorithm. The SIHDC implements a current control, designed after a complete stability analysis [18]. 

Some experimental results for the convertor currents are given in Fig. 7. The SIHDC specifications are given 

in Table 2. Experimental results, obtained in the field, in the WECS testing procedures, were presented in 

Fig. 8. The SIHDC prototype and the wind turbine images are presented in Fig. 9. 
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Fig. 7 – a) The L1 (L2) current; b) the output current; c) the transistor current; d) the input current 

 

Table 2 

SIHDC Specifications 

Symbol Value 

Pmax 5 kW 

Vin 130−400 V 

Vout 50−120 V 

fs 9 kHz 

L1 = L2 = L 170 µH 

rL1 = rL2 = rL 6 mΩ 

Cin 10 mF 

Cout 12 mF 

SC 63 F 
 

 
Fig. 8 – Input power (Pin), input voltage (Vin), and current (Iin) 

as a function of wind speed (Vv) 

      

Fig. 9 – SIHDC prototype and the wind turbine images. 
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3. IMPROVED BIDIRECTIONAL HYBRID SWITCHED CAPACITOR CONVERTER (BHSC) 

The BHSC [14, 20], shown in Fig. 10 is derived from the unidirectional hybrid converter with switched 

capacitors, originally proposed in several papers [1, 14], as a boost converter. This converter resembles a 

conventional boost converter with a capacitive switching cell, connected to the output. 

In unidirectional mode, the capacitors are charged in parallel and discharged in series, thus obtaining a 

doubling effect of the output voltage. For BHSC converter operating in buck mode, an additional halving of 

the voltage is obtained. Elimination of high frequency voltages between the two inputs is achieved with each 

inductor at the two inputs being split. These two inductors can be designed as separate inductors, if 

commercially available inductors are desired, or they can be magnetically coupled, when there is a need for a 

compact design. This new topology of the improved BHSC is shown in Fig. 11. 
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Fig. 10 – BHSC. 
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Fig. 11 – Improved BHSC. 
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Fig. 12 – Improved BHSC equivalent circuit  

for ton (S2, S3 – ON, S1 – OFF). 
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Fig. 13 – Improved BHSC equivalent circuit  

for toff (S2, S3 – OFF, S1 – ON). 
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Fig. 14 – Theoretical waveforms of the Improved BHSC converter. 

The improved BHSC operates in a comparable way to the conventional BHSC converter if each split 

inductor is viewed as one. The two equivalent switching schematics for the ton and toff intervals, are presented 

in Fig. 12 and Fig. 13. During ton , the two switched capacitors (C1 and C2) are connected in parallel. In buck 
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mode the switched capacitors are discharged to VL and charging with a smaller current from VH, and vice 

versa for boost mode. During toff , the two switched capacitors are connected in series. In buck mode the 

switched capacitors are charged from VH and, in boost mode they are discharged to VH. The main operation 

waveforms are presented in Fig. 14. Considering the duty cycle, D, defined for the ton , the ratio between the 

two input voltages is calculated in steady state, as following: 

2
L H

D
V V

D
= 

−
. (2)  

The project goal was the development of a reduced scale (reduced power) laboratory demonstration 

model for an urban electric transportation energy conversion system, using supercapacitors (SC) as main 

energy storage devices and a super-high torque/power density interior permanent magnet synchronous 

motor/drive [21]. The block diagram of the studied concept is presented in Fig. 15. 

The energy conversion and storage system (ECSS) are composed of: bidirectional DC-DC converter-

supercapacitor units (CSU), backup battery module (BM) and electric drive (ED). ECSS operating modes are 

charging, driving and regenerative braking.  

In charging mode, ECSS is connected to the charging station. The supercapacitors are charged fast, at 

the maximum allowed current, controlled by the bidirectional DC-DC converters (BHDC). In driving mode, 

ECSS is disconnected from the charging station, therefore energy being taken from SCs through BHDC and 

delivered to the ED. During the regenerative braking periods, the energy is taken from ED through the 

bidirectional DC-AC converter and transferred to the DC voltage bus. Depending on the level of DC voltage 

bus the BHDC uses this energy to charge the SCs at constant current. 

The main idea in the implementation was the use of half bridge modules. By using half bridge 

modules, the manufacturing process of the converter is improved, and the parasitic inductances are reduced 

in the switching loops. GaN switching devices were used in order to achieve better efficiency [22]. The Half 

Bridge modules are presented in Fig. 16, the improved BHSC can be observed in Fig. 17. 
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Fig. 15 – Block diagram of the proposed demonstration model. 

 
 

 

Fig. 16 – GaN Half Bridge. Fig. 17 – Improved BHSC. 

Prototype parameters for I-BHSC are presented in Table 3. Experimental results for VH = 375V,  

VL = 80V, and IL1 = 22A, are presented in Figs. 18−19 for the main waveforms, and in Fig. 20 for the 

capacitor ripples. Using a PI regulator to control IL1 current, the transition between buck to boost and reverse 

is achieved and shown in Fig. 21. 
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Fig. 18 – Inductor current and voltage waveforms. Fig. 19 – Transistor voltages, and PWM signal. 

 

Fig. 20 – Capacitor voltage ripple waveforms. Fig. 21 – Boost to Buck transition. 

 

Table 3 

BHSC prototype parameters 

Element Value Unit Description 

VH 400 V High voltage input maximum value 

VL 0−160 V Low voltage input maximum value 

IH 17.5 A High voltage input maximum current 

IL 43.75 A Low voltage input maximum current 

f 200 kHz Switching frequency 

L1 39 µH Design value inductance 

L2 98 µH Design value inductance 

C1, C2 20 µF Switched capacitors 2 

CH 500 nF High voltage input capacitance 

CL 3.4 µF Low voltage input capacitance 
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4. CONCLUSIONS 

Large voltage conversion ratio in DC-DC converters is a requirement in a lot of applications in 

automotive industry and renewable energy conversion systems. Classical non-isolated DC-DC converters 

can be easily transformed into hybrid converters using inductive and/or capacitive commutated cells.  

Bidirectional power flow can also be obtained. 

SC represents a storage technology, in continuous development, with relatively high-power density 

compared with batteries.  

The energy stored in SC depends on the voltage levels across its terminals, which change within wide 

limits, when it is charged or discharged. This is one of the reasons why it is necessary to use a dedicated DC-

DC converter with high voltage conversion ratio, in systems with SC. 

Both applications, described in the previous chapters, use SC for energy storage.  

In the first energy conversion system a unidirectional HDC, as an interface between the PMSG and the 

SC, was implemented. It was obtained including an inductive cell in a classical Buck DC-DC converter and 

ensures the fast charging of SC in a small power WECS. 

The second application implements a bidirectional power flow HDC, with capacitive cell, also as 

interface between SC, the drive and the charging station, in an automotive application. 

Both converters were studied theoretically, and were tested in laboratory prototypes.  

The results prove that the proposed hybrid DC-DC structures are a proper candidate in applications 

with large voltage conversion ratio. 
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