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Abstract A new approach to obtain an integrated battery charger is described in this paper, based on the Asymmetrical Hybrid 

Multilevel Converter topology.  Such a particular open-end winding motor configuration, which has proved to be more efficient 

than conventional inverter topologies in EV motor drive applications, can be turned in an on-board battery charger only by acting 

on the control system.  Thus, no circuit reconfiguration through electro-mechanical switches is required.  Moreover, by 

introducing a single extra power switch, a bilateral power flow can be managed enabling vehicle to grid operations.  The obtained 

integrated battery charger can be supplied either by a standard ac single-phase grid, either by a dc power source for direct 

connection to domestic energy resources. The proposed approach enables a new remarkable function to the asymmetrical hybrid 

multilevel converter at a marginal extra cost, thus mitigating the larger complexity and cost of such an inverter if compared with 

conventional topologies. 
 

Index Terms—Multilevel power converter, battery charger, electric vehicles, DC-DC power conversion, DC-AC power conversion.  

 

 

I. INTRODUCTION1 

LECTRIC vehicles (EV) have gained a great interest over 

the last decade as a mean to reduce the air pollution in urban 

areas and the global warming.  Moreover, EV are today mayor 

players of the energy transition towards Renewable Energy 

Sources (RES), providing the ground for exploiting RES in 

transportation.  EV can only rely on external power sources for 

charging the batteries, making the Battery Charger (BC) an 

element of major concerning.  Based on power ratings, the battery 

charger may be classified in slow (up to 3.7 kW), quick (from 3.7 

to 22 kW) or fast (over 22 kW).  BCs can be also grouped in On-

board Battery Chargers (OBC) and stand-alone, or off-board, 

systems.  The first group encompasses ac single-phase systems for 

slow charge, or three-phase systems for quick charge.  These 

devices are on-board installed and require only a minimum 

external equipment [1]-[9].  Fast dc chargers, rated up to 200 kW, 

are instead bulky wall mounted systems, powered by a three-

phase grid, or by a suitable energy storage system.  Conventional 

OBC are unidirectional devices, managing a power stream from 

the power source to the batteries.  However, using bidirectional 

battery chargers, EV may provide new tools to cope with the 

intermittent production of RES based generation plants.  In fact, 

according to the Vehicle to Home (V2H) and Vehicle to Building 

(V2B) principles, bidirectional chargers could manage the 

batteries of parked EV to optimize the energy demand on 
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residential or commercial scale, often in conjunction with 

controllable loads.  Moreover, by remotely controlling 

bidirectional chargers, it is possible to turn parked EV into 

components of distributed energy storage systems, managed to 

draw power from the grid during peak of renewable energy 

production, and to supply electricity to the grid when the demand 

rises.  Vehicle to Grid (V2G) allows electricity grid operators to 

reduce investments in energy storage systems necessary to cope 

with the intermittent nature of RES, and, vehicle owners to obtain 

additional revenues for the services provided to the grid.  OBC 

are generally based on a two-stage configuration [10], [11]; the 

first stage performs the ac-dc conversion with near-unity power 

factor, whereas the second one controlling the battery voltage and 

current.  The simplest ac-dc stage is made of an inexpensive diode 

rectifier, which, however, would require a bulky inductive input 

filter to cope with distortion of the grid current.  Hence, a dc-dc 

boost converter is generally added to the diode rectifier, in order 

to accomplish an active power factor correction. Moreover, 

bidirectional energy flows are made possible by exploiting 

bidirectional buck-boost converters and PWM rectifiers. The dc-

dc stage is generally realized around a bridge converter.  

Although effective, the two-stage configuration is burdened by a 

high part count, a low power density and a low efficiency.  

Simpler single-stage configurations have been also proposed [12], 

which however feature a lower degree of flexibility and require a 

more complex control.  In fact, a single converter is tasked to deal 

at a time either with the PF control on the ac side, either with 

control of the voltage and current on the dc side.  Moreover, both 

two-stage and single-stage OBCs require a quite large output 

filter, composed of a dc bus capacitor and an inductor, in order to 

suitably reduce the battery current ripple [13]-[14].   
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Being located on board, OBC has a negative impact on EV 

range, available internal space and maximum payload.  These 

disadvantages can be mitigated by adopting the Integrated Battery 

Charger (IBC) approach.  Since the propulsion drive is inactive 

when recharging the battery from the grid, some components of 

the power train such as the motor windings and some parts of the 

inverter can be shared with the BC, as shown in Fig. 1, thus 

reducing the amount of additional components, as well as, the 

weight and space required [6].  

 
Fig. 1.  Schematic of a conventional OBC (top) and of an IBC (down). 

Reconfigurable Voltage Source Inverter (VSI) have been 

proposed in the past literature, which can be turned in dc-dc 

converters for battery charging [7], [15], [16]. Only a partial 

integration is however obtained, as some additional components, 

such as the rectifier, the inductor, or some extra switches are 

required.  OBC based on reconfiguration of Multilevel Inverters 

(MLI) have been also proposed, featuring different levels of 

integration [17], [18] and an Open-end Winding (OW) 

configuration is pioneered in [19].  However, the last is a very 

special kind of integrated battery charger as it only allows to 

charge a secondary battery from the main one via the motor, in a 

vehicle with two isolated dc buses; therefore, a conventional main 

battery charger is anyway required.  A bidirectional OBC has 

been also proposed using an eight-switch inverter, followed by an 

interleaved dc-dc converter suitable for Vehicle to Grid (V2G) 

and Grid to Vehicle (G2V) operations [20]. 

 

This paper describes a new approach for realizing an 

integrated bidirectional battery charger exploiting an 

asymmetrical OW topology, the Asymmetrical Hybrid Multilevel 

Converter (AHMC), which has been recently proposed as an 

alternative to conventional inverters for ac motor drives [21]-[27].  

As shown in Fig. 2, it features an OW ac machine fed by a 

Neutral Point Clamped (NPC) multilevel inverter (MLI) from one 

side and a conventional PWM Two-level Inverter (TLI) from the 

other side.  The main NPC inverter is low frequency operated, 

while the TLI acts as an active power filter.  In the following, it is 

demonstrated that an AHMC can be turned in an on-board battery 

charger barely acting on the control system.  This inexpensively 

gives a valuable extra function to the asymmetrical OW topology, 

only achievable at the cost of additional circuitry on conventional 

topologies.  Furthermore, by adding a single extra bidirectional 

switch, a bidirectional power flow can be managed, making the 

proposed solution also suitable for V2G applications.  Such an 

extra switch will likely become unnecessary on next generation 

EV, where the battery voltage will be raised up to 800V, making 

no longer required a voltage step-up in V2G mode.  Finally, the 

proposed system can be also connected to a dc power source, 

enabling a direct connection of the battery to PV plants, or 

distributed energy storage systems, for V2H or V2B applications. 

II. TRACTION MODE 

According to the basic AHMC configuration of Fig. 2, the 

TLI is tasked to supply only reactive power to the OW machine.  

Hence, it can be supplied through a floating capacitor making a 

second independent power source unnecessary. A couple of 

diodes and an additional bidirectional power switch are added to 

the basic AHMC structure to enable G2V and V2G operations. 

In Traction Mode (TM), the power sockets of the battery 

charger are disconnected from power plugs and diodes DT1 and 

DT2 are reverse polarized, while the bidirectional switch Sg is 

turned off.  The MLI j-phase output voltage VjMLI, which is the 

voltage between the terminal j and the mid-point n' of the DC bus, 

is given by:  
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Fig.2.  MLI+TLI AHMC topology
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being, VDC' the total battery voltage.  This leads to three different 

output voltage levels, namely: -VDC'/2, VDC'/2 and 0, according to 

the rectifier j-pole state l'.  The voltage between the TLI j-phase 

output terminal jT and the mid-point n'' of the TLI dc-bus is given 

by:   

1,0''''
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1''2
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V DCjTLI                              (2) 

leading to two voltage levels, namely: -VDC''/2 and VDC''/2, 

according to the inverter j-pole state l''.  

The TLI is supplied through a flying capacitor in order to 

prevent the circulation of zero sequence currents.  Hence, the two 

converters are connected to two independent voltage sources, VDC' 

and VDC'' and the voltage Vjm across the open-end phase winding j, 

can be expressed as: 
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being Vnʹnʹ́  the voltage between the mid points n' and n'' of the dc-

buses of the two converters, which is given by: 
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The MLI+TLI converter of Fig. 2 features only twelve power 

switches, but is equivalent to a six-level NPC, or Flying Capacitor 

(FC) inverter encompassing thirty power switches [21].  

Moreover, a three-level staircase voltage modulation technique is 

used in motoring mode on the MLI, in order to reduce the 

switching losses, while a high-frequency PWM is exploited on the 

TLI side to accurately shape the motor current.   

As a result, the apparent switching frequency of the whole 

system is equal to that of the TLI, although the MLI which 

processes the power delivered to the machine switches at the 

fundamental frequency.  Hence, compared to conventional PWM 

operated MLI, the proposed solution generates lower conversion 

power losses [19]. 

A specific current control strategy has been developed to 

manage the AHMC in motoring mode.  As shown in Fig. 3, it 

encompasses two systems, respectively managing the MLI and 

the TLI [22].  The MLI current control system acts predictively 

on the fundamental component of the MLI output voltage. The 

reference stator voltage magnitude |V1MLI*| is first computed from 

a mathematical model of the motor then devices switching times 

are obtained through a step modulator. 

The TLI control is tasked to accomplish four tasks: 

- Predictively cancels the stator voltage harmonics caused by 

MLI step modulation, as shown in Fig. 4; 

- Implementation of the current closed-loop control in a 

synchronous reference frame d,q; 

- Implementation of the TLI dc-bus voltage closed-loop control; 

- cope with voltage unbalance between MLI dc-bus capacitors, 

by managing the current entering in the node n'. 

The auxiliary inverter voltage reference V*jTLI is obtained as 

the sum of four different terms.  The first contribution, named 

hereinafter as Vjh, is computed to compensate low-order 

harmonics components generated by MLI.  In fact, the staircase 

MLI phase voltage VjMLI, consists of the fundamental component 

Vj1MLI and an infinite number of harmonics Vjh of odd order. 
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Accordingly, the TLI reference voltage term VjTLIh is made 

equal to Vjh which is the difference between the staircase voltage 

VjMLI and its fundamental harmonic Vj1MLI, as displayed in Fig. 4.  

A further term of the voltage reference VjTLI is generated by the 

phase currents control system, Fig. 3.  This is based on a current 

control approach exploiting two PI regulators, whose outputs are 

processed to compute the second term V*
TLIr of the TLI voltage 

reference.  Two additional key functions are required by the 

considered topology dealing with control of the voltage VDC
'' of 

the TLI DC-Bus floating capacitor and equalization of the 

voltages across the MLI DC-bus capacitors.  Theoretically, a null 

average power is exchanged between the TLI and the machine; 

therefore, the DC-bus voltage VDC
'' is ideally constant.  However, 

inverter power losses cause a progressive discharge of the TLI 

DC-bus capacitor, which can be charged only by establishing a 

controlled active power flow between the two inverters.  The 

power PP required to keep constant VDC
′′ is determined by a closed 

loop controller processing the error between the reference DC bus 

voltage VDC
′′* and the actual value VDC

′′, as shown in Fig. 3.  Two 

d,q voltage components VqCap and VdCap are then computed in 

order to force the transfer of the required active power Pp from the 

MLI to the TLI with a null reactive power exchange. A third term 

V*
jTLICap of the TLI voltage reference is finally computed by 

transforming VqCap and VdCap into the stationary abc reference 

frame.  The equalization of the voltages across the MLI DC-bus 

capacitors is obtained by controlling the current in entering the 

mid-point of the MLI DC-bus, as deeply discussed in [22] and 

[31].  A fourth term of the TLI voltage reference V*
jTLIn is then 

produced by processing the difference between actual values of 

the voltages across the two capacitors of the MLI DC-bus. 

Finally, the TLI reference voltage V*
JTLI is determined as:  

V*
jTLI = V*

jTLIr + V*
jTLIh + V*

jTLIcap + V*
jTLIn.       (6) 

The start-up of the system has been discussed in [21]. 

The flying TLI DC Bus is first charged by the capacitor 

voltage control system, acting on V*
jTLICap, while providing a 

small DC reference voltage to the MLI.  Once the DC Bus 

voltage has reached its reference value, the traction drive is 

ready to operate.  The start-up of the system powering the 

PMSM of Table 5 is shown in Fig. 5, where VDC
′′= VDC

′/2 

and C1=C2=C3=C4=820μF. 

III. AC-DC G2V AND V2G 

   The AHMC can be connected to a single-phase ac grid for 

charging the battery by inserting the ac plug in the ac socket, 

while leaving disconnected the dc socket.  Therefore, according 

to Fig. 2, the grid voltage is applied between the mid-point of 

the dc bus of the MLI and the mid-point of the two series 

connected diodes DT1 and DT2.  The obtained non-isolated IBC 

satisfies the SAE J1772 standard for conductive chargers, as 

EV batteries are generally not grounded to chassis for safety 

and electromagnetic interference issues [29].   
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The standard charging procedure for Lithium-Ion batteries 

is shown in Fig. 6.  It is known as Constant Current – Constant 

Voltage (CC-CV), because a constant current is provided to the 

battery until it reaches the maximum charging voltage, then a 

constant voltage is maintained while the current drops up to 3÷5 

percent of the current rating, at which point the battery is 

considered charged. Cell balancing is accomplished by the 

internal Battery Management System (BMS). 

 
Fig. 3: TM: control scheme. 

 
Fig. 4.  TM: TLI reference voltage, TLI output voltage and motor voltage. 
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Fig. 5. System start-up in traction mode: ωr, TLI DC-Bus voltage and torque. 

Motor motion when charging the battery may be prevented by a 

mechanical lock, additional inverters or by avoiding the 

production of torque. The last approach is adopted by forcing 

the circulation of only zero-sequence currents through the stator 

winding of the machine.  Thus, the switches of the three legs of 

both the MLI and TLI are synchronously operated as they 

belonged to the same phase. As a result, the equivalent single-

phase circuit of the system can be considered, as shown in Fig. 

7. In G2V mode the system works as a PFC, cyclically 

switching from a Buck-like configuration (|Vg|>VDC
'/2) to a 

Boost-like one (|Vg|<VDC
'/2), as shown in Fig. 8. The stator 

winding plays the role of power inductor, while that of output 

capacitor is played alternatively, by one of the two MLI dc-bus 

capacitors.  In Buck mode, as shown in Fig. 9 and according to 

Table I, switches Sj1, Sj2, Sj3, Sj4 and Sg are turned off, while Sj1T 

or Sj2T are PWM operated, depending on the sign of the grid 

voltage, to control the charge current.  In Boost mode Sj1T and 

Sj2T are turned on and the battery current is managed through Sj2 

or Sj3, according to the sign of the grid voltage.   

 
Fig. 6. Li-Ion battery charging diagram. 

 
Fig. 7: AHMC connected to a single-phase ac grid. 

The phase current is managed through a hysteresis 

controller, which drives Sj1T or Sj2T in Buck mode and Sj2 or Sj3 

in Boost mode. Unlike conventional Buck PFC, no hold-up 

issues for the output capacitor arise, because, the power 

transfer takes place along an entire half-period of the grid 

voltage. No extra current sensors are required, because those 

normally already present in an EV propulsion drive can be 

used. According to Table I, only a single switch per phase is 

PWM operated at a time, leading to low power losses.   

 
Fig. 8: G2V operation. 
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As shown in Fig. 10, the reference grid current ig* is a 

sinusoidal signal synchronized with the grid voltage, whose 

magnitude is given by a PI controller processing the battery 

voltage, or current, error. The ratio of Vg to its peak value is 

computed to determine the sign of the grid reference current.  

Figure 11 deals with the transient taking place when 

switching from constant current to constant voltage control. 

Current and voltage peaks can be managed by properly 

tuning voltage and current regulators. 

 

Fig. 9: G2V ac-dc operation: Boost (up) and Buck(down) modes. 

Table I – G2V ac-dc operation: switching table. 

G2V  
MLI TLI  

Sj1 Sj2 Sj3 Sj4 Sj1T Sj2T Sg 

Buck 

|Vg|>VDC
'/2 

Vg>0 off off off off PWM off off 

Vg<0 off off off off off PWM off 

Boost 

|Vg|<VDC
'/2 

Vg>0 off off PWM off on off off 

Vg<0 off PWM off off off on off 

 
Fig. 10. G2V ac-dc control scheme. 
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Fig. 11. Switching from constant current to constant voltage charging mode. 

A battery voltage ripple at twice the grid frequency is 

generated, mitigated by the MLI dc-bus capacitance, which 

is given by the series connection of C1 and C2.  However, in 

ac single-phase G2V operation only one out of C1 and C2 is 

powered at a time. Hence, the ac-dc converter output 

capacitance is twice the total MLI dc bus capacitance. The 

minimum dc-bus capacitance required to obtain a given 

residual battery voltage ripple VDC% is given by [30]: 

100
4 %

2min
VfV

P
C

DCeDCn

DCn

DC


                   (7) 

In Fig. 12 the minimum capacitance CDC10 required to 

obtain a 10% ripple is plotted as function of the battery voltage.  

Achieved results well cope with dc bus capacitance of EV 

traction drives, which ranges from 200 to 2000 F. 

 

Fig. 12: CDC10 vs VDC
' (Vg=240V, PDCN=3kW, fe=50Hz). 

Battery current ripple at the switching frequency is 

function of the stator winding inductance [30]; the minimum 

inductance required to achieve a given current ripple iDC% 

is: 

Boost mode  100
4 %
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min ifP
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Buck mode  100
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The minimum inductance LS10 required to achieve a 10% 

current ripple is plotted in Fig. 13 as function of the switching 

frequency and battery voltage. Obtained values well match 

the typical range of the stator inductance of EV motors 

(50÷400 mH). 

 
Fig. 13: Ls10 (Vg=240V, VDCN=350V) 

V2G deals with remotely managed power transfer from the 

battery to the grid.  As shown in Fig. 14, a voltage step-up 
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capability is required to cope with common battery (300-400V) 

and ac grid (110-240V) voltage levels, which is provided through 

the introduction of the additional switch Sg.  However, on the next 

generation EV the battery voltage will be increased up to 800V, 

this will make no longer necessary a voltage step-up in V2G 

mode, thus eliminating the need for the additional switch Sg. 

According to Fig. 15 and Table II, only a single switch is PWM 

operated at a time in V2G mode; in particular, Sj1 or Sj4 are 

operated in Buck mode, and Sg in Boost mode. The battery 

current control scheme in V2G dc-ac mode is shown in Fig. 16.  

No additional voltage sensors are required because exploiting 

those already used for motor drive control. 

  
Fig. 14: V2G operation. 

 
Fig. 15: V2G dc-ac operation: Buck (up) and Boost (down) modes. 

 
Fig. 16: V2G dc-ac control scheme. 

Table II – V2G dc-ac operation: switching table. 

V2G 
MLI TLI  

Sj1 Sj2 Sj3 Sj4 Sj1T Sj2T Sg 

  Buck 

  |Vg|<VDC
'/2 

Vg>0 PWM on off off off on off 

Vg<0 off off on PWM on off off 

Boost 

|Vg|>VDC
'/2 

Vg>0 on on off off off on PWM 

Vg<0 off off on on on off PWM 

IV. DC-DC G2V AND V2G 

According to the V2H and V2B concepts, EV batteries can 

be exploited to store energy in order to increase the capability 

of local energy storage systems and to provide backup power 

[4]. In residential and commercial buildings EV can be 

connected to power sources and loads by a conventional ac 

grid, or by a purposely realized dc power system.  The first 

solution is inexpensive although requiring more power 

processing steps. In fact, the majority of loads and energy 

storage systems require a dc supply, while power source 

produce a dc voltage.  Hence, a direct dc connection is more 

efficient, avoiding lossy ac-dc and dc-ac conversions.  This 

however requires a dc power system, as those today used in 

data centers and telecommunication systems, which will likely 

become common in next years also in the residential sector 

[29].  The AHMC topology may be easily turned into a 

bidirectional IBC connected to a dc grid by inserting the dc 

plug in the dc socket.  The dc grid is thus connected 

between the mid-point of the dc bus of the MLI and the mid-

point of the two series connected diodes DT1 and DT2, as 

shown in Fig. 17. In G2V dc-dc operation only the capacitor 

C1 is powered, thus its voltage VC1 reaches the battery 

voltage VDC', while VC2 drops until zero, therefore, 

differently from what happens in ac-dc G2V operation, the 

converter output voltage is the full battery voltage.  The 

converter may charge the battery working as a Buck 

converter (when Vg>VDC
') or as a Boost one (when 

Vg<VDC), as shown in Fig. 18 and according to Table III. 

The battery current control scheme in G2V dc-dc mode is 

shown in Fig. 19. 

 
Fig. 17: AHMC connected to a dc grid. 

 

Fig. 18: G2V dc-dc operation: Buck (left) and Boost (right) modes. 

Table III – G2V dc-dc operation: switching table. 

G2V 
MLI TLI  

Sj1 Sj2 Sj3 Sj4 Sj1T Sj2T Sg 

Buck  |Vg|>VDC
'
 off off off off PWM off off 

Boost  |Vg|<VDC
'
 off off PWM off on off off 

 

Fig. 19: G2V dc-dc control scheme. 

Battery current ripple at the switching frequency is 

related to the stator winding inductance LS by: 

Buck mode
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Boost mode
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(11) 

The maximum amplitude of the current ripple occurs in 

Boost mode at D=1 and Vg= , hence, the minimum inductance 

required to achieve a given current ripple iDC% is: 

100
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VV

L
DCswDCn

g
DCn

s 
                       (12) 

The minimum inductance LS10 required to achieve a 10% of 

current ripple is plotted in Fig. 20.   

 The AHMC can also accomplish V2G dc-dc operation. The 

converter input voltage is in this case the battery voltage, being 

VC2 null. The system may work as a Buck converter (when 

Vg<VDC
') or as a Boost one (when Vg>VDC), as shown in Fig. 21 

and according to Table IV. No standard voltage levels have been 

yet defined for domestic dc microgrids and different voltages are 

today considered, ranging from 48V to 380V, while, the voltage of 

battery packs today ranges from 300V to 400V and higher levels, 

up to 800V, are envisaged in next years. Thus, voltage step-up 

capability is in most cases unnecessary. The battery current 

control scheme in V2G dc-dc mode is shown in Fig. 22. 

 

Fig. 20: Ls10 versus PDC and fsw (Vg=240V, VDC
'=350V) 

Fig. 21: V2G operation: Buck and Boost modes. 

Table IV – V2G dc-dc operation: switching table. 

V2G 
MLI TLI  

Sj1 Sj2 Sj3 Sj4 Sj1T Sj2T Sg 

Buck  |Vg|>VDC
' PWM on off off off on off 

Boost  |Vg|<VDC
' on on off off off on PWM 

 

Fig. 22: V2G dc-dc control scheme. 

 

V. PERFORMANCE EVALUATION 

Experimental tests have been performed in order to assess the 

performance of the proposed topology in traction, G2V and 

V2G modes. As shown in Fig. 23, a six-level IGBT AHMC 

composed by three-level NPC inverter and a TLI feeding a 

2kW Open-end Winding Permanent Magnet Synchronous 

Motors was used, whose parameters are listed in Table V.  

The control was implemented in a dSPACE DS1006 board.  

The system has been connected on one side to 4×15V, 20Ah 

Lithium-Ion battery pack and on the other side to a single-

phase ac grid (Vg=110V, 50Hz) or to a dc grid (60V). A 15kW 

Programmable AC Grid Simulator has been adopted to 

simulate the ac grid while a 1000V-30A dc power supply has 

been used to emulate the dc grid. The TLI floating capacitor 

was 860μF and C1=C2=820µF.  The width of the hysteresis 

band of the current controller has been experimental adjusted 

in order to obtain a 10 KHz average switching frequency. An 

LCL filter is introduced to mitigate high frequency harmonics 

of the grid current, whose parameters are shown in Table VI. 

Two power analyzers are used to measure the input and 

output power. 

 
Fig. 23: Experimental test bench 

 

Fig. 24 TM: Vm, im, Vm* and VDC''. 

 
Fig. 25 TM: Converter efficiency vs. load at rated speed. 
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Fig. 26: G2V ac-dc (Sg off, VDC=55V, iDC=6A, Vgpk=110V, igpk=6A, 

PDC=330W, PAC=360W): grid voltage Vg, battery voltage VDC, grid current 

ig, battery current iDC. and gate signals. 

Motor phase voltage in traction mode is shown in Fig. 24 (r 

=80rad/s, 50% rated torque, VDC'=300V, VDC"=50V).  The 

converter efficiency at rated speed is shown in Fig. 25 as function 

of the torque load. An exhaustive evaluation of the performance 

of the AHMC in ac motor drive applications can be found in [22]. 

Fig. 26 deals with ac single phase G2V operation at iDC
*=6A. 

The grid current is in phase with the grid voltage and its 

waveform is very close to a sinusoidal one, leading to a 1.2% 

THD and a high power factor.  

The performance of the control system in managing the 

battery current is quite satisfactory, as shown in Fig. 27, 

dealing with the response to a step variation of the reference 

current.  

Ac single phase V2G operations are described in Figs. 

28 and 29.  More precisely, Fig. 28 deals with steady state 

operation at ig=6A. An almost perfectly sinusoidal current is 

delivered to the grid, in phase opposition with the grid 

voltage.  The THD of the grid current is 1.3%. A quick 

response of the system to a step variation of the reference 

grid current is shown in Fig. 29. 

 
Fig. 27: G2V ac-dc - Battery current step variation from 1 to 0.6 p.u.  Grid voltage 

Vg, battery voltage VDC, grid current ig and battery current iDC. 

 
Fig. 28. V2G ac-dc - steady state (VDC=55V, iDC=4.7A, Vgpk=110V, 

igpk=5A, PDC=250W, PAC=275W): grid voltage Vg, battery voltage, grid 

current ig, battery current iDC. and gate signals. 

 
Fig. 29: V2G ac-dc - Battery current step variation from 1 to 0.6 p.u.: Grid voltage 

Vg, battery voltage VDC, grid current ig and battery current iDC. 

  
Fig. 30: Converter efficiency. 

 
Fig. 31: Grid current THD. 
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Fig. 32: G2V and V2G ac-dc: grid current harmonic spectrum and IEC 

61000-3-2 compliance mask. 

 

Fig. 33: G2V dc-dc - steady state.  Vg<VDC (VDC=55V, iDC=6A, Vgpk=30V, 

igpk=12A, PDC=330W, PAC=360W): grid voltage Vg, battery voltage VDC, grid 

current ig,,  battery current iDC. and gate signals. 

Fig. 34: G2V dc-dc - steady state.  Vg>VDC (VDC=45V, iDC=6A, Vgpk=75V, 

igpk=4A, PDC=270W, PAC=300W): grid voltage Vg, battery voltage VDC, grid 

current ig,,  battery current iDC. and gate signals. 

 

 
Fig. 35: G2V dc-dc - Battery current step variation from 0.2 to 1p.u. (VDC=55V, 

iDC=2A, Vgpk=40V, igpk=3A) (up):  grid voltage Vg, battery voltage VDC, grid 

current ig and, battery current iDC.. 

 
Fig. 36: V2G dc-dc - steady state: grid voltage Vg, battery voltage VDC, grid current 

ig,,  battery current iDC. and gate signals. 

A good conversion efficiency η is achieved either in G2V 

either in V2G operation, as shown in Fig. 30.  Moreover, a quite 

low grid current THD has been obtained in both modes, as shown 

in Fig. 31.  The compliance of the experimental system with IEC 

61000-3-2 standard was positively assessed. G2V dc-dc 

operations for Vg<VDC (Boost mode) and Vg>VDC (Buck mode) 

are shown respectively in Figs 33 and 35, while the response to a 

battery current step variation is shown in Fig. 35. Figures 36 and 

37 respectively deal with steady state V2G dc-dc operation and 

with a step variation of the reference grid current.  The total 

conversion efficiency η in dc-dc mode has been finally assessed 

for both G2V and V2G modes, as shown in Fig. 38. 
 

 
Fig. 37: V2G dc-dc - Battery current step variation from 0.2 to 1p.u. (VDC=60V, 

iDC=5.5A, Vgpk=90V, igpk=4A, PDC=330W, PAC=360W):  grid voltage Vg, 

battery voltage VDC, grid current ig and battery current iDC.. 

 
Fig. 38: Converter efficiency for dc-dc G2V and V2G. 

Table V – PMSM technical data 
Pn Ls Vn Rs in λPM ωr pp 

2 kW 30 mH 380 V 4.3 Ω 6.1 A 0.17 Wb 2 krpm 3 

Table VI – LCL filter technical data. 

L1 C L2 

300 μH 2.2 μH 150 μH 
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VI. CONCLUSIONS 

A way to obtain an integrated battery charger has been 

presented exploiting the Asymmetrical Hybrid Multilevel 

Converter topology.  The transition from the traction 

configuration to the charger one can is accomplished only by 

acting on the control system, no additional electro-mechanical 

switches being required.  Moreover, by introducing a single extra 

power switch a bilateral power flow can be managed enabling 

vehicle to grid operations.  Such a power switch will become 

likely unnecessary o next generation EV equipped with battery 

packs featuring up to 800V.  The obtained integrated battery 

charger can be connected for V2G operations either to a standard 

ac single-phase grid, either to a dc power source for direct 

exploitation of domestic energy resources.  On one side the 

proposed approach is valuable as it gives noticeable further 

features to an electric motor drive configuration that has proved to 

be more efficient than conventional two-level and multilevel 

systems. On the other side it allows to realize an on-board battery 

charger with a negligible impact on the vehicle range, available 

internal space and maximum payload. 
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