
 

 
Abstract—The automotive industry is going through a major 

restructuring, and automakers are looking for new generations of 
hybrid vehicles called plug-in hybrid electric vehicles (PHEVs). 
In the event that PHEVs become more available and the number 
of PHEVs on the road increases, certain issues will need to be 
addressed. One vital issue is the method by which these vehicles 
will be charged and if today’s grid can sustain the increased 
demand due to more PHEVs. Although these vehicles appear to 
pose a large liability to the grid, if executed properly, they can 
actually become an even larger asset. The grid can benefit greatly 
from having reserves that can store or release energy at the 
appropriate times. Enabling PHEVs to fulfill this niche will 
require a bi-directional interface between the grid and each 
vehicle.  This bi-directional charger must have the capability to 
charge a PHEV’s battery pack while producing minimal current 
harmonics and also have the ability to return energy back to the 
grid in accordance with regulations. This paper will first review 
some of the power electronic topologies of bi-directional AC-DC 
and DC-DC converters that fulfill these requirements and then 
discuss the best choice for combining two topologies to form a bi-
directional charger. 
 

Index Terms—Bi-Directional Converters, Plug-in Hybrid 
Electric Vehicle, and Power Electronic Converters 
 

I. INTRODUCTION 
ODAY’S electrical grid has many inefficiencies that are 
both costly and wasteful. Some of these issues are simply 

a result of the fluctuations in demand that occur each day in 
addition to the need for voltage and frequency regulations [1]. 
When the demand placed on the grid exceeds the capacity of 
the base-load power plants, peak power plants, and sometimes 
spinning reserves, must be turned on [2]. During periods of 
low demand, the electricity usage drops below the output of 
the base-load power plants, and all the unused energy is 
wasted. Increased market penetration of PHEVs along with a 
vehicle-to-grid (V2G) network that enables coordinated 
charging could significantly reduce problems with electrical 
demand [3]. In fact, a PHEV market penetration of only 10% 
could take the place of 25% of the electrical generation 
capacity in most regions of the United States [4]. 
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Fig. 1.  General bi-directional charger topology for single-phase (left) and 

three-phase systems (right). 
 
  

This huge potential for improving the efficiency of the grid 
by utilizing idle storage capacity in PHEVs can be unlocked 
through a bi-directional interface. The bi-directional charger 
will need to function smoothly in both directions. When 
operating in battery charge mode, it should draw a clean 
sinusoidal current in phase with the grid to avoid harmful 
harmonic currents and poor power factor. In battery discharge 
mode, the charger should return current in a similar sinusoidal 
form that complies with regulations [5]. Many different 
electronic circuits can complete this task, but they tend to 
follow the same general circuit topology shown in Figure 1. 
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When working in the battery charging mode, the AC current 
first goes through a filter which helps remove unwanted 
frequency components. Next, the AC current is rectified into 
DC current as it passes through the bi-directional AC-DC 
converter. Since this AC-DC converter output voltage might 
not match the voltage of the DC energy storage, a bi-
directional DC-DC converter ensures that the proper charging 
voltage is supplied to the energy storage unit. From the 
general viewpoint, the single-phase and three-phase topologies 
follow the same steps. 
 If the charger is in battery depletion mode, the process is 
reversed. The electric current leaves the energy storage unit 
and is changed back to the proper DC voltage with the bi-
directional DC-DC converter. This DC current is then inverted 
into AC by the bi-directional AC-DC converter. Then, it 
passes through the filter, which smoothes out the AC current 
so it is suitable for injection back into the grid. 
 Many different circuits can accomplish the tasks outlined by 
the general topology, and there is no clear-cut combination of 
circuits that outperforms the others. To try and gain insight 
into creating the best combination of circuits for this task, 
different circuit topologies for bi-directional AC-DC and bi-
directional DC-DC converters are reviewed in this paper. This 
paper will examine the half-bridge PWM, full-bridge PWM, 
and three-level PWM bi-directional AC-DC converters. Then, 
the dual active bridge (DAB) and two quadrant buck-boost bi-
directional DC-DC converters will be discussed along with a 
special case of the bi-directional buck-boost converter that has 
an integrated high-voltage bus. Finally, the question of which 
individual topologies fit together best will be addressed. 

II.  BI-DIRECTIONAL AC-DC CONVERTERS 
The bi-directional AC-DC converter must have the 

capability to turn alternating current into direct current during 
battery charge mode and convert direct current into alternating 
current in the battery discharge mode. This section will review 
three different topologies that accomplish this task with 
varying complexity and quality. The half-bridge PWM is the 
simplest of the group and will be reviewed first. With a 
slightly increased complexity, the full-bridge PWM will come 
next. Finally the most complex of the group, the three-level 
PWM, will come last. For each topology, both the single-
phase and the three-phase system will be examined. 

 

A. Half-Bridge PWM AC-DC Converter 
The single-phase version of the half-bridge PWM converter 

(Fig. 2) consists of one inductor, one resistor, two capacitors, 
and two switches that have internal diodes [6]. During battery 
charge mode, the switches can be left in the open position and 
act as simple diodes. When the AC source is delivering a 
positive voltage, the internal diode of T1 turns on and the 
internal diode of T2 is off. This effectively connects C1 across 
the AC source when it is positive. When the AC source 
outputs a negative voltage, the opposite occurs and C2 is 
effectively connected across the AC source.  The resultant DC 
voltage across the DC-DC converter is more or less equal to 

the AC  

 
 

Fig. 2.  Half-bridge PWM bi-direction AC-DC converter depicted in single-
phase (top) and three-phase (bottom) configurations. 

 
peak-to-peak voltage of the AC source [6]. For active 
rectification, the transistors can be switched on when the 
diodes would be forward biased. 

On the other hand, when the single phase charger is running 
in battery discharge mode, the transistors are now switched on 
and off by PWM controllers. To avoid fault currents, T1 and 
T2 cannot be switched on at the same time. Assuming that C1 
and C2 are identical, T1 and T2 can be switched on and off to 
deliver either VDC-DC/2 or - VDC-DC/2 across R1, L1 and the 
AC source [6]. A PWM controller varies the times that these 
two voltages are applied so that after being filtered by R1 and 
L1, the voltage delivered to the AC source is of an acceptable 
sinusoidal form. 
 The three-phase, half-bridge converter (Fig. 2) has three 
inductors, three resistors, two capacitors, and six switches with 
internal diodes [7]. The principle of operation is essentially the 
same for the three-phase version as it is for the single-phase. 
During battery charge mode, each AC source charges C1 
when it outputs a positive voltage and it charges C2 when it 
outputs a negative voltage. The resultant voltage across the 
DC-DC converter is roughly the same as the single-phase 
version (peak-to-peak voltage of one source), except that the 
charging capacitors receive a larger charging current, so faster 
battery charging is possible. With three times the input 
current, three times the output current is possible, resulting in 
three times the maximum theoretical battery charging rate. 
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Fig. 3.  Full-bridge PWM bi-directional AC-DC converter depicted in single-phase (left) and three-phase (right). 

 
 When the three-phase charger is operating in battery 
discharge mode, the bi-directional AC-DC converter acts as 
three independent single-phase circuits working 
simultaneously. T1 and T4, T2 and T5, and T3 and T6, each 
work together to deliver either VDC-DC/2 or -VDC-DC/2 across 
each respective set of one inductor, one resistor, and one AC 
source [6]. Just like the single-phase version, a PWM controls 
each transistor so the right combination of the two voltages is 
applied across the inductor, the resistor, and the AC source to 
result in a clean sinusoidal output voltage across the AC 
source. 
 One large benefit of the half-bridge topology is the 
simplicity of the design. This translates to fewer components, 
which in turn means lower cost of manufacturing. However, 
this topology exhibits high component stresses, which could 
require transistors to be connected in parallel and/or series to 
handle the high current and/or voltage [6]. 
 Unless properly filtered, the half-bridge converter produces 
many harmonic currents which could be detrimental to the 
grid. A conventional passive filter suited to remove the 
harmonic currents would require bulky components. Although 
the low number of components makes the cost look low on 
paper, implementing this circuit at high power levels could 
require additional costs [6]. 

 

B. Full-Bridge PWM AC-DC Converter 
The single-phase version of the full-bridge PWM AC-DC 

converter (Fig. 3) consists of one inductor, one resistor, one 
capacitor, and four switches with internal diodes [6]. Just like 
the half-bridge circuit, the switches remain open in the battery 
charging mode and the internal diodes rectify the current 
passively. When the AC source outputs a positive voltage, C1 
is effectively connected in parallel with the AC source through 
the internal diodes of T1 and T4. During the times when the 
AC source outputs a negative voltage, the internal diodes of 
T2 and T3 conduct to allow C1 to once again be hooked in 
parallel with the AC source, but in a reversed configuration. In 
this way, the DC-DC converter acquires a DC input voltage 
more or less equal to the amplitudes of the AC source. For 
active rectification, the transistors can be switched on when 
the diodes would be forward biased. 

When the single-phase, full-bridge circuit acts in battery 
discharge mode, T1 and T4 or T2 and T3 can be turned on to 
apply VDC-DC or - VDC-DC respectively across the AC source. 
Of course, switching T1 and T2 or T3 and T4 on at the same 
time would produce 0 volts. Through PWM control of each 
transistor, the proper switching pattern can be implemented. 
When this combination of VDC-DC, -VDC-DC, and 0 volt pulses 
is applied, the inductor and resistor smooth out the signal to 
resemble the desired AC sine wave [6]. 
 The three-phase, full-bridge converter circuit (Fig. 3) has 
three inductors, three-resistors, one capacitor, and eight 
switches that each have internal diodes [7]. Once again, the 
three phase version of the circuit functions almost exactly like 
three separate single phase circuits that share the same 
capacitor and DC-DC converter. Having three-phases instead 
of one results in no change in the supplied voltage to the DC-
DC converter under no load, but the three- phase circuit can 
support a much larger load. In other words, the maximum 
theoretical rate of charging is increased. 
 When operating in battery discharge mode, the three-phase 
version of the converter behaves like three independent, 
single-phase circuits that share the DC source. T1 and T5, T2 
and T6, and T3 and T7 each work in combination with T4 and 
T8 to supply VDC-DC, - VDC-DC, or 0 volts across each 
respective inductor, resistor, and AC source. Through 
controlling each switch with the appropriate PWM signal, the 
right combination of pulses can be applied to each inductor, 
resistor, and AC source to deliver the desired sinusoidal 
voltage output to the AC source [6]. 
 As compared to the half-bridge PWM converter, the full-
bridge has one less capacitor and two more transistors with 
internal diodes. This suggests that the full-bridge would have a 
higher cost, since it has more components; however, it is 
important to keep in mind that the component stresses are 
lower in the full-bridge circuit. This means that despite having 
more switches, the cost of each switch is reduced. The cost of 
the power electronics could be somewhat similar, but the full-
bridge will require twice as many PWM inputs.  This will add 
to the complexity and cost of control circuitry. 
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Fig. 4.  Three-level PWM bi-directional AC-DC converter depicted in single-phase (left) and three-phase (right). 

 
Similar to the half-bridge converter, the full-bridge rectifier 

can produce harmonic currents if not properly filtered. Also, 
power factor issues may need to be addressed [8]. It is 
interesting to note that the half-bridge circuit outputs a voltage 
of ± VDC-DC/2, while the full-bridge can output a voltage of 
VDC-DC. This could play a significant role in the choice of 
DC-DC converter, since the VDC-DC must be twice as high 
with the half-bridge.  In other words, for a given input voltage 
into the DC-DC converter, the output voltage must be twice as 
high when using the half-bridge AC-DC converter. 
 

C. Three-Level PWM AC-DC Converter 
 The final and most complicated of the three bi-directional 

AC-DC converters presented here is the three-level PWM 
converter. It essentially combines the functionality of the half-
bridge and the full-bridge PWM at the cost of added 
complexity. The single-phase three-level PWM (Fig. 4) circuit 
operates just like the full-bridge rectifier in battery charge 
mode [6]. When the AC source outputs a positive voltage, the 
internal diodes of T1, T3, and T6 turn on. When the AC 
source outputs a negative voltage, the internal diodes of T2, 
T4 and T5 conduct. During active rectification, the switches 
can be turned on in such a pattern to apply multiple voltage 
levels (as detailed in the next paragraph). Both passive and 
active methods charge the capacitors of C1 and C2 each up to 
half the amplitude of the AC source, resulting in the 
application of the amplitude voltage of the AC source across 
the DC-DC converter. 

When T1, T3 and T6 or T2, T4, and T5 are switched on, a 
voltage of VDC-DC or -VDC-DC can be applied to the load 
respectively. When T3 and T6 or T2 and T4 are activated, a 
voltage of VDC-DC/2 or -VDC-DC/2 can be applied to the load 
respectively. Like the full-bridge, 0 volts can also be delivered 
to the load [6]. 

Like the other two types of converters, the three-phase, 
three-level converter (Fig. 4) behaves in a similar fashion to its 
single-phase counterpart [7]. Each phase applies a voltage 

equivalent to the amplitude voltage of the AC source across 
the DC-DC converter through the rectifier. Again, the three-
phases allow for support of a much greater load. 

The three-phase topology of the three-level PWM converter 
requires that each AC source receives an independent control 
signal. But, each of the three signals is delivered through the 
same means as the single-phase circuit. Each column of four 
transistors in the three-phase version acts like the column of 
four transistors in the single-phase circuit. The column of two 
transistors and two capacitors in the three-phase version works 
such as the right half of the single-phase circuit for all the 
phases in order to cater to the particular AC source that it is 
connected to. Each set of one resistor, one inductor, and one 
AC source receives a combination of ±VDC-DC/2, ±VDC-DC, 
and 0 volts as dictated by the PWMs controlling the transistors 
[6]. The inductors and resistors filter out the unwanted noise 
and sinusoidal voltage waveforms are delivered to the AC 
sources. 

One clear concern with the three-level topology is the added 
complexity and additional number of components. These two 
issues add to the cost and magnitude of the required control 
circuitry. There are, however, many benefits gained with this 
design. The voltage waveform is much improved over the 
other designs, which allows for a much smaller and less 
expensive filter. The component stresses are lower, so smaller 
and cheaper components can be used for a given power level. 
Additionally, the electromagnetic interference and acoustic 
noise is reduced [7]. 

III. BI-DIRECTIONAL DC-DC CONVERTERS 
 The job of the bi-directional DC-DC converter is to couple 
the AC-DC converter to the energy storage unit. It must have 
the capability to convert the DC output voltage of the AC-DC 
converter into a suitable voltage to charge the batteries and 
vice-versa. This section will discuss three different topologies 
that accomplish this task. The dual active bridge, two quadrant 
(buck-boost), and a variation on the buck-boost converter will 
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all be discussed. This last converter is not bi-directional, so the 
changes required to enable this feature will be presented in a 
modified version.  After the presentation of each topology, the 
possible benefits and drawbacks of using each will be 
reviewed. 

 
Fig. 5.  Dual Active Bridge DC-DC Converter. 

A. Dual Active Bridge DC-DC Converter 
The dual active bridge DC-DC converter (Fig. 5) consists of 

two active bridges linked by a transformer. The version shown 
in the figure uses two full-bridges and requires two inductors, 
one transformer, and eight switches with internal diodes. 
When delivering energy from the AC-DC converter to the 
battery, the active bridge on the left side of Figure 5 acts as an 
inverter while the internal diodes of the switches on the right 
act as a full-bridge to rectify the AC back to DC. This 
topology also allows the rectifier to be switched actively. The 
transformer is fixed to some ratio that is suitable for the 
application. 
 When the converter runs in battery discharge mode, the 
bridge on the right inverts the DC current of the battery which 
induces an AC voltage in the left active bridge through the 
transformer. The internal diodes of the switches on the left 
hand side of Figure 5 act as a full-bridge to rectify the current 
back to DC that is usable by the vi-directional AC-DC 
converter. Once again, the rectifier switches can be actively 
switched if needed. In other words, this circuit converts DC to 
AC, and then rectifies AC back to DC. If the DC is inverted 
with a very high frequency, a fairly small transformer can be 
used. 

It is important to note that because of the high number of 
switches contained in this circuit, ZVS and ZCS techniques 
might be implemented to reduce switching losses.  The large 
number of components can also add to cost. While this circuit 
provides a high power density and fast control, device stresses 
become high when the voltage range exceeds 2:1 [9]. 

 

B. Two Quadrant DC-DC (Buck-Boost) Converter 
As shown in Figure 6, the two quadrant DC-DC converter 

has two inductors, one capacitor, and two switches with 
internal diodes [10]. This converter works as a boost converter 
in one direction and a buck converter in the other. When the 
charger operates in battery charge mode, the converter must 
function as a buck converter. To activate this mode, T2 is left 
open as T1 is switched on and off with a PWM signal. The 
reduction ratio of the voltage depends on the duty cycle of the 
signal applied to T1. If the duty cycle is 100%, then the full  

 
Fig. 6.  Two Quadrant (Buck-Boost) DC-DC Converter 

DC voltage from the AC-DC converter is applied to B1. If 
the duty cycle is 50%, then half the voltage is supplied, and so 
forth. 

When the circuit is operating in battery discharge mode, T1 
remains off while T2 is switched on and off with a PWM 
signal. In this mode, the circuit functions as a boost converter. 
The battery voltage is boosted by a factor of 1/(1-D), where D 
is the duty cycle of the signal applied to T2. A duty cycle of 
50% doubles the voltage, and so on. 

Compared to the dual active bridge, this circuit has 5 fewer 
components. In addition, only two switches must be 
controlled, which greatly simplifies the control circuitry. 
There are, however, two high current inductors that tend to be 
bulky and expensive. Also, this topology only has the 
capability to operate as buck in one direction and boost in the 
other, which would work for most applications, but situations 
might arise where the functionality of a buck and boost 
converter is required in both directions. 

 

C. Integrated Buck-Boost DC-DC Converter 
The final bi-directional DC-DC converter discussed here is 

the integrated buck-boost converter (Fig. 7) [11]. This original 
topology has a number of added capabilities integrated into the 
design that traditional DC-DC converters leave out, however, 
it is unable to deliver energy from the battery back to the AC-
DC converter. Because this functionality is necessary for a bi-
directional charger, a modified circuit is presented in Figure 8. 

The modified circuit allows for plug-in charging of B1 
through T1 and T5, boost DC-DC from B1 to the high voltage 
bus through T2, T4, and T5, regenerative charging from the 
high voltage bus to B1 through T3 and T6, and boost DC-DC 
from B1 to the AC-DC converter through T2, T5, and T7 [11]. 
Each of these integrated converters use the same inductor and 
act much like the two quadrant DC-DC (Buck-Boost) 
converter. This cuts down on the total number of high current 
inductors required for the circuit. 

The added functionality from integrating the high voltage 
bus into the charger circuit does add some complexity to the 
circuit, but it eliminates the need for another DC-DC 
converter. The total number of high current inductors is
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Fig. 7.  Integrated Buck-Boost DC-DC Converter 

 
 

Fig. 8.  Modified Integrated Buck-Boost DC-DC Converter 

 

 
Fig. 9.  Combined Three-Level AC-DC Converter and Modified Bi-Directional Buck-Boost DC-DC Converter 

 
reduced at the cost of additional switches. These extra 
switches result in higher conduction losses, but these can be 
reduced through removing the diodes paired to the switches 
[11]. 

IV. BI-DIRECTIONAL COMBINED CHARGER 
In order to implement the bi-directional charger, a bi-

directional AC-DC topology must be combined with a bi-
directional DC-DC topology. Ideally this bi-directional 
charger will have the capability to charge a PHEV’s battery 
pack while producing a minimum of current harmonics, and 
also have the ability to return energy back to the grid in 
accordance with regulations. 

Since the three-level AC-DC converter has an unfiltered 
voltage waveform that is much improved over the other 
designs and allows for a smaller and less expensive filter, it 
has been chosen to fill the AC-DC portion of the charger. In 
this topology, the component stresses are lower, so smaller 
and cheaper components can be used for a given power level 
[6]. It is more complicated than the other AC-DC topologies, 

but the benefits are well worth the complexity for the high 
power application of PHEVs. 

For the bi-directional DC-DC converter, the modified buck-
boost design has been chosen because of the reduced number 
of high-current inductors and the integrated high voltage bus. 
Due to the built-in high voltage bus, this DC-DC topology is 
well suited for PHEV conversions, which could be a major 
market for bi-directional chargers. Combining these two 
topologies forms a fully functional bi-directional charger that 
has the capability to allow for charging of a plug-in vehicle’s 
battery pack as well as providing an interface for V2G 
interactions. The combined charger is shown in Figure 9. 

V. CONCLUSIONS 
If more manufacturers begin to produce PHEVs and 

consumers purchase these PHEVs, the benefits of enabling 
V2G interactions and the side-effects of proceeding with 
uncoordinated charging will both continue to grow. With the 
implementation of V2G technology, the added demand from 
PHEVs can become a large resource instead of a costly burden 
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for the grid. 
 If the bi-directional interfaces do not function well, the grid 
could suffer from the consequences of harmonic currents and 
poor power factor. In order to make V2G technology feasible, 
an efficient and well designed bi-directional charger that 
minimizes current harmonics will be required. If done 
properly, large scale coordinated charging could vastly 
improve grid efficiency and cut costs for utilities and 
ultimately for consumers. 
 This paper started with an explanation of the general 
topology of a bi-directional charger and then discussed the 
parts individually. Three bi-directional AC-DC and three bi-
directional DC-DC topologies were discussed and compared. 
Finally, a complete charger topology was proposed that 
combines two of the discussed topologies. The proposed 
charger combines a three-level bi-directional AC-DC rectifier 
with a modified bi-directional DC-DC converter. In theory, 
this charger should exhibit many of the desired traits for a bi-
directional PHEV charger.  
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