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ABSTRACT 

          A single-stage-based integrated power 

electronic converter has been proposed for plug-in 

electric vehicles (PEVs).The proposed converter 

achieves all modes of vehicle operation, i.e. plug-in 

charging, propulsion and regenerative braking modes 

with wide voltage conversion ratio (M) [M < 1 as 

well as M > 1] in each mode. Therefore, a wide 

variation of battery voltage can be charged from the 

universal input voltage (90–260 V) and allowing 

more flexible control for capturing regenerative 

braking energy and dc-link voltage. The proposed 

converter has least components compared to those 

existing converters which have stepping up and 

stepping down capability in all modes. Moreover, a 

single switch operates in pulse width modulation in 

each mode of converter operation hence control 

system design becomes simpler and easy to 

implement. To correctly select the power stage 

switches, a loss analysis of the proposed converter 

has been investigated in ac/dc and dc/dc stages. The  

simulation are presented to validate the operation of 

the converter. 

 

I. INTRODUCTION 

                  The electric vehicles or plug-in electric 

vehicles (PEVs) are now a promising solution to curb 

the air pollution that uses pollution-free battery 

power to produce clean energy for the vehicle [1]. 

The PEVs are combination of on-board charger, 

battery, and the inverter-drive system [2–5]. In 

majority of PEVs, a bidirectional dc/dc converter is 

interfaced between the battery and dc-link of machine 

inverter [6–8] for power flow during propulsion and 

regenerative braking operation. Therefore, an 

individual ac/dc converter is used to charge the 

battery from the grid side. In this conventional 

structure, two separate power electronic converters 

are needed for two independent operations (charging 

and discharging of the battery). The bidirectional 

dc/dc converter in conventional structure can be 

integrated with the on-board charger, to have one 

power electronics interface for complete operation of 

PEVs. The overall block diagram of an integrated 

charger with single power electronic is shown in Fig. 

1a. This integration reduces the number of 

components because some of the switches and 

inductors are utilised both in ac/dc and dc/dc stages. 

Therefore, reduced number of switches and inductors 

lead to higher power density, compact size and lower 

cost. In this regard, this paper proposes, a new 

ZETA-SEPIC-based integrated converter for PEVs, 

as shown in Fig. 1b which has buck/boost capability 

in each mode of operation. In addition, buck/boost 

operation in each mode allows selection of wide 

range of the battery voltage, efficient control of dc-

link voltage and capturing the regenerative braking 

with a wide variation of the motor speed.A 

comparison of existing integrated converters and 

other competitive converters with respect to the 

proposed converter is described in the following 

paragraph.  

An integrated converter in [9] utilises a 

number of semiconductor devices to achieve each 

mode; therefore, it may not be an efficiency 

optimised and cost-effective solution. In addition, the 

presence of a large number of devices, this converter 

requires a complex control strategy to turn on the 
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switches. An integrated converter in [10] has only 

boost charging capability; thus, the selection of wide 

range of battery voltages is compromised. In [11], an 

integrated converter does not have buck/boost 

operation in any mode; thus, selection of the dc-link 

and battery voltage range is sacrificed. A three-level 

quasi two-stage converter in [12] with two inductors 

has buck/boost operation only in charging mode as a 

result, aforementioned advantages of buck/boost 

operation in each mode is sacrificed. In [13, 14], an 

SEPIC-based converter has been proposed for the 

battery charging using three inductors and at least 

one extra inductor is also required for propulsion and 

regenerative braking modes. Thus, the increase of 

magnetic components has a negative effect on 

weight, cost and volume of the charger. Authors in 

[15, 16] have proposed a CuK converter based on-

board battery charger, which operates only in 

charging mode, does not include propulsion and 

regenerative braking modes. A single-stage converter 

in [17] operates only battery charging mode using 

four switches, eight diodes and two inductors. 

However, to achieve other modes of the vehicle, 

some more components will be employed. Therefore, 

this converter will utilise a large number of active 

and passive components, which will have an adverse 

effecton cost and compactness of the charger. 

Authors in [18] have proposed front-end power factor 

correction (PFC) converter for EV battery charger, 

which is a bridgeless type converter that uses four 

inductors and at least one additional inductor requires 

to achieve other modes of the vehicle. A single-stage-

based inductive charger has been proposed in [19] 

that provides a wide range voltage for battery 

charging, but this converter uses a large number of 

passive components and semiconductor devices; 

therefore, the floor area of the charger will increase 

and less suitable for on-board application of PEVs. 

Motivation of the work: The universal voltage range 

of single phase is around 90–260 V and a majority of 

commercially available battery voltage range are 

between 200 and 450 V [20– 22]. Therefore, the 

buck/boost operation of converter is needed in plug-

in charging mode for universal voltage supply. 

Moreover, in propulsion mode, usually, the battery 

voltage is stepped up to the dc-link voltage (inverter 

dc-link voltage) to propel the motor drive system. In 

a case of high state of charge (SOC) of the battery, 

the battery voltage may be more than the dc-link 

voltage, in such case, the dc/dc converter with buck 

operation is required. Furthermore, in regenerative 

braking, a step-down operation is typically required 

because the dc-link voltage usually higher or near to 

the battery voltage.  

However, at low speed, boost operation is 

also required to capture all the available regenerative 

braking energy. It is explained as: at a lower speed, 

the propulsion machine induces lower back 

electromotive force. If the generated voltage across 

the motor terminals is lower than the battery voltage, 

a bidirectional converter between the propulsion 

inverter and the battery must have boosting capability 

[10]. Therefore, the buck/boost capability of 

converter is also needed during regenerative braking 

operation. Hence, it is concluded that buck/boost 

operation of converter is essential in each mode of 

vehicle operation. 

DC-DC Converter Basics 

A DC-to-DC converter is a device that 

accepts a DC input voltage and produces a DC output 

voltage. Typically the output produced is at a 

different voltage level than the input. In addition, 

DC-to-DC converters are used to provide noise 

isolation, power bus regulation, etc. This is a 

summary of some of the popular DC-to-DC converter 

topologies. 

II. BUCK CONVERTER STEP-DOWN 

CONVERTER 

In this circuit the transistor turning ON will 

put voltage Vin on one end of the inductor. This 

voltage will tend to cause the inductor current to rise. 

When the transistor is OFF, the current will continue 

flowing through the inductor but now flowing 

through the diode.  

We initially assume that the current through 

the inductor does not reach zero, thus the voltage at 

Vx will now be only the voltage across the conducting 

diode during the full OFF time. The average voltage 

at Vx will depend on the average ON time of the 

transistor provided the inductor current is continuous.  
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Fig.1.Buck Converter 

 

Fig.2.Voltage and current changes 

BOOST CONVERTER STEP-UP CONVERTER 

The schematic in Fig. 3 shows the basic 

boost converter. This circuit is used when a higher 

output voltage than input is required.   

 

Fig 3 Boost Converter Circuit 

While the transistor is ON Vx =Vin, and the OFF state 

the inductor current flows through the diode giving 

Vx =Vo. For this analysis it is assumed that the 

inductor current always remains flowing (continuous 

conduction). The voltage across the inductor is 

shown in Fig. 7 and the average must be zero for the 

average current to remain in steady state  

 ………… (18) 

This can be rearranged as  

 ………. (19) 

and for a lossless circuit the power balance ensures  

    ……….. (20) 

 

Fig.4.Voltage and current waveforms (Boost 

Converter) 

III. OPERATION OF THE PROPOSED 

CONVERTER 

 Operation of the proposed converter The 

proposed integrated converter operates in three 

modes: battery charging from the grid (plug-in 

charging), propulsion, and regenerative braking of 

charging. In the following section, operation of 

converter is discussed in detailed manner. 

 

http://jespublication.com/


Vol 10, Issue 12, Dec / 2019 
ISSN NO: 0377-9254                                  

  

 

 

www.jespublication.com Page No:58 

    

 

 

Fig.5.Block Diagram and Proposed structure 

of the integrated converter 

(a) Block diagram of PEV with on-board 

integrated battery charger 

(b) Proposed ZETA-SEPIC based 

integrated converter for PEV’s 

Plug-in charging mode 

 The plug-in charging mode of vehicle is 

possible only when vehicle is not in motion and then 

charger plug is connected to single phase supply 

socket to charge the battery. In this mode, the 

proposed converter operates as ZETA PFC converter 

and switch S1 is pulse width modulation (PWM) 

gated while switch S2 and S3 are in OFF-state. When 

switch S1 is turned ON, inductor L1 stores energy 

through the path |vg|-Lf -S1-L1-|vg| and inductor L2 

stores energy through the path |vg|-Lf -S1-C-L2-Vb-

|vg|, as shown in Fig. 4.1a. When switch S1 is turned 

OFF, inductor L1 discharges by supplying its stored 

energy to the capacitor C, and voltage across 

capacitor gradually increases, which is shown in Fig. 

4.1d, and this capacitor is charged to the battery 

voltage Vb. While inductor L2 supplies energy to the 

output stage (capacitor and battery) shown in Fig. 

4.1b and current through L2 decreases linearly, as 

shown in Fig.4.1d. The capacitor Chv is charged to 

Vg,max through the body diode of S3 in very short 

duration then after it retains this value forever in this 

mode. If the duty ratio of the converter is d1 then 

voltage-second balance either of inductor L1 or L2 for 

one switching period, Ts , can be given as 

Vb |sin (wt)|*d1 =Vb*(1-d1(t))*Ts                

(1) 

The voltage conversion ratio M1 from (1) can be 

expressed as 

M1 =Vb / Vgmax|sin(wt)| = d1(t)/(1-d1(t))        

(2) 

 

 

 

Fig.6.Equivalent operating circuit and 

theoretical waveforms of plug-in charging mode 

(a) Battery charging from the grid when 

switch S1 is turned ON 

(b) When switch S1 is turned OFF 

(c) Waveforms during one-line cycle 

(d) One switch cycle 

Propulsion mode  

When this mode begins, battery started 

supplying power to the dc-link of the inverter and 

vehicle comes in running mode. During motion of the 

vehicle, the SOC of the battery continuously 

decreases. In this mode, switches S1 and S3 are kept 

in OFF state using mode selector logic, and switch S2 

is gated through PWM signal. When switch S2 is 

turned ON, inductor L2 stores energy through the 

path Vb-L2-S2-Vb, and capacitor C discharges 

through inductor L1 , as shown in Fig. 4.3a and 

inductor current through L1 islinearly increasing, 

which is shown in Fig. 4.4a. When S2 is turned OFF, 

inductor L2 transfers its stored energy in the capacitor 

C and dc-link capacitor Chv through the path Vb-L2-

C-D7-Vhv-Vb and capacitor C is charged to the 

battery voltage. The inductor L1 transfers its stored 

energy to the dc-link through the path L1 -D7 -Vhv- 

L1, as shown in Fig. 4.3b, and current through L1 
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gradually decreases, which is shown in Fig. 4.4a. If 

the duty ratio of the converter is d2 and applying 

voltage-second balance either in inductor L1 or L2 for 

one switching period then one can obtain: 

Vb*d2*Ts =Vhv*(1-d2)*Ts                (3) 

The voltage conversion ratio M2 from (3) can be 

expressed as 

M2 =Vhv / Vb = d2/(1-d2)                (4) 

Regenerative braking mode  

Operation of regenerative braking mode is 

similar to the grid mode operation, when switch S3 is 

turned ON, inductor L1 stores energy through the 

path Vhv S3-L1-Vhv and inductor L2 stores energy 

through the path Vhv-S3-C-L2-Vb-Vhv, as shown 

Fig. 3c. When S3 is turned OFF L1 transfers its 

stored energy to the capacitor (C) through the path C-

L1 -D6 as shown in Fig. 3d and capacitor voltage Vc 

gradually increases, which is shown in Fig. 4d. 

While, L2 transfers its stored energy to capacitor Cb 

and battery (Fig. 3d). Ifhe duty ratio of the converter 

is d3 by applying voltage-second balance either of 

inductor L1 or L2, and one can obtain: 

Vhv*d3*Ts =Vb*(1-d3)*Ts                (5) 

The voltage conversion ratio M3 from (5) can be 

expressed as 

M2 =Vb / Vhv = d3/(1-d3)                (6) 

 

Fig.7 :Equivalent operating circuits during 

propulsion and regenerative braking modes 

 

 (a) Propulsion mode of operation, when 

switch S2 is ON,  

(b) When switch S2 is OFF,  

(c) Operation of regenerative braking, when 

switch S3 is ON,  

(d) When switch S3 is OFF 

 

Fig.8.Switching waveforms (a) In 

propulsion mode, (b) In regenerative braking mode 

Control system design  

The control structure during different modes 

of converter operation [10] is shown in Fig. 7. Each 

mode is implemented by mode selector logic, which 

requires external input such as torque τ ,speed ω , and 

charging power Pg . Since this work is focused on 

power electronics converter parts of the electric 

vehicle; therefore, the mode selection is done 

manually. During battery charging from the grid, the 

reference charging power is divided by instantaneous 

battery voltage, which is input to the outer 

proportional-integral (PI) controller Gib(z). The 

output of the outer PI controller is a reference dc 

signal for inner controller GiL(z), and multiplied by a 

unit rectified sinusoidal wave to generate the final 

reference input to inner current PI controller. The 

inner current controller is used for the correction of 

power factor at the grid side. 
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Fig.9. control algrithm of the proposed 

converter during different modes  

The output controller Gib(z) is expressed as 

Gib(z)=Kp+ KiTs/(z-1) 

Where Kp is the proportional gain to adjust 

the control bandwidth and Ki is the integral gain to 

achieve zero steady-state error.  

The inner PI controller is given by the 

following equation as 

GiL(z)=Kpc+ KicTs/(z-1) 

               Where Kpc is the proportional gain and Kic 

is the integral gain. These two coefficients should be 

tuned such that the bandwidth of the controller is kept 

between one-sixth to one-tenth of the switching 

frequency. Further, due to presence of low frequency 

components (100 Hz) in battery current, the 

bandwidth of Gib(z) controller is kept<100 Hz to 

avoid the distortion in the reference signal for iner 

current loop. In propulsion and regenerative braking 

mode of operation, average current mode controller is 

used. Depending upon operating modes appropriate 

switches are turned ON. In propulsion mode,the dc-

link voltage is regulated through two-loop controller. 

The outer PI controller Ghv(z) regulates the dc-link 

voltage by generating reference battery current for 

the inner current controller Gibc(z), which is provided 

by the average current mode controller. In 

regenerative braking modes, the reference quantity is 

usually torque. Therefore, torque is converted into 

reference charging power and this reference power is 

divided by instantaneous battery voltage, to generate 

reference battery current, which is input to the current 

controller Gibc(z) for battery current tracking and as 

shown in Fig.4.5 . 

Loss analysis 

Due to high-power application of the proposed 

converter, it is necessary to estimate the 

semiconductor power losses of the converter in each 

mode to correctly select the power stage 

components. The conduction and switching losses for 

two semiconductor devices. Moreover, the passive 

components that come in main current path are also 

presented in this analysis to accurately find efficiency 

of the converter in operation modes. The conduction 

loss for an MOSFET switch can be calculated as 

follows: 

PS,cond = Is
2
, rms ∗ R(on) 

On other hand, the conduction loss for an IGBT 

switch will be calculated as 

PS,cond =(is) Ts *VCE 

Switching energy losses occur due to the 

simultaneous presence of significant drain-source 

voltage and drain current during each transient from 

turn-off state to turn-on state, and from turn-on state 

to turn-off state. Then total switching power losses of 

a switch can be approximately calculated as 

Psw= (VS,max*IS,max)/2 *(tr+tf)*fs 

 

where Vs, max and Is, max are peak values of voltage 

and current and tr and tf are the rising and falling 

times of a switch, respectively. Power loss of diode is 

the sum of diode conduction loss (product of average 

current IF and knee voltage VF ) and reverse recovery 

loss, which is modelled as  

PD = VF*IF + PQrr 

where PQrr is the reverse recovery loss of a diode. The 

PQrr can be neglected for fast recovery diode and 

lower switching frequency.The total semiconductor 

losses are modelled as 

PS= PS,cond +Psw +PD 

The passive components that come in main current 

path are L1, L2, Lf and capacitor C, then inductors 

copper losses are modelled as 

PL = I
2
Lf,rms *rf + I

2
L1,rms*r1+ I

2
L2,rms*r2 

where rf , r1 and r2 are series resistances of inductors 

Lf , L1 and L2, respectively. 

           The ohmic loss in equivalent series resistance 

rc of the capacitor C is expressed as 

Pc = I
2
c,rms* rc 
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Then total passive component losses PP is written as  

PP = PLf +PL1 +PL2+ Pc 

Where  PLf ,PL1, and PL2 are the copper loss in Lf , L1 

and L2 respectively. 

Comparative analysis of the proposed converter 

with single-stage converters 

          The comparison of conventional single-stage 

battery charger topologies, namely the boost PFC 

converter, inverting buck/boost PFC converter, 

SEPIC PFC converter, and CuK PFC converter  with 

proposed coverter is shown in table2. 

 

Table: Comparative study of the proposed converter 

with single stage converter 

 

 
 

        The boost PFC converter can only charge the 

battery when battery voltage is more than the peak 

grid voltage Vb > Vg, max . While inverting buck/boost 

and CuK converter both have negative output voltage 

with respect to the input. The same polarity between 

the input and the output has an advantage of solving 

electromagnetic interference/electromagnetic 

compatibility problems, and in designing filters 

easily, because the 

Internal ground of a vehicle, the ground of the on-

board battery charger (OBC) and the cathode of the 

battery can have the same potential . However, in 

CuK and SEPIC PFC-based converter 

topologies have one additional inductor compared to 

the proposed integrated converter. It is to be noticed 

from table2 that the proposed converter has least 

number of components compared to the converters 

which have buck/boost operation in each mode 

 

 

IV. SIMULATION RESULTS  

Simulation results of proposed converter  in plug-

in charging mode ,propulsion mode and 

regenerative braking mode with 220 VRMS grid 

voltage  

 

(a) Matlab circuit of proposed converter in 

plug-in charging mode 

 

Control system design 

 

(i)(a) Vg, Ig waveform in plug–in charging mode 
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(ii)(a)Vb waveform in plug-in charging mode 

 

(iii)(a) ib waveform in plug-in charging mode 

 

(iv)(a) Vcf waveform in plug-in charging mode 

 

 

(v)(a) ILf waveform in plug-in charging mode 

 

(b) Matlab circuit of proposed converter in 

propulsion mode 

 

Control system design 
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(i)(b) Vhv waveform in propulsion mode 

 

(ii)(b) Vb waveform in propulsion mode 

 

(iii)(b) ib waveform in propulsion mode  

 

(iv)(b) Ihv waveform in propulsion mode 

 

(c) Matlab circuit of Dynamic operation of 

propulsion mode with step load variation 

 

Control system design 
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(i)(c) Vhv  waveform in propulsion mode with load 

variation 

 

(ii)(c) Vb waveform in propulsion mode with load 

variation 

 

(iii)(c) Ib waveform in propulsion mode with load 

variation 

 

(iv)(c) Ihv waveform in propulsion mode with load 

variation 

V. CONCLUSION 

 In this work, a ZETA-SEPIC-based single-

stage power electronics interface has been proposed 

for PEVs. The proposed converter operates in three 

modes, i.e. plug-in charging (PFC mode), propulsion 

and regenerative modes. In PFC and regenerative 

braking modes, the proposed converter operates as 

ZETA converter, while in propulsion mode, it 

operates as SEPIC converter. It means the proposed 

converter has buck/boost operation in each mode of 

converter operation without voltage reversal which 

allows selection of a wide range of the battery 

voltage, efficient control of dc-link voltage and 

capturing the regenerative braking energy with wide 

variations of the motor speed. In comparison with 

existing single-stage converters, the proposed 

converter has the least component to those converters 

which have buck/boost operation in each mode. The 

functionality and performance of the proposed 

integrated converter have been verified through 

simulation. The performance of control algorithm is 

tested with the step load variations in propulsion 

mode and dc-link voltage variations in regenerative 

braking mode. An extensive loss analysis of the 

proposed converter is investigated to correctly select 

the power stage switches. The maximum theoretical 

efficiency of the converter in plug-in charging, 

propulsion and regenerative braking modes is found 

95.9%, 97.1%, and 96.7%, respectively.  
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