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Abstract 
A novel three-phase Electric Vehicle (EV) DC fast charger with a wide output voltage range is proposed 
in this paper. One of the main features of the proposed EV charger is that it can provide a wide output 
voltage range (i.e., 250 V to 850 V) using low voltage rating mainstream switches/diodes (i.e., 650 V). 
The proposed EV charger takes advantage of Inductor-Inductor-Capacitor (LLC) resonant tanks for each 
phase allowing soft-switching performance for all switches so the major power loss will be only 
conduction loss. Consequently, by operating at a high switching frequency the size of passive 
components can be reduced leading to a high-power density. Moreover, as the AC to DC conversion is 
being realized in an isolated single-stage approach, the total conversion efficiency for the proposed EV 
charger is higher than conventional two-stage EV chargers. The analysis of the power circuit design and 
control of the proposed EV fast charger is provided in the paper for both 400 V and 800 V automotive 
battery systems. Moreover, the performance is verified by computer simulation results and experimental 
results of a 1.5 kW laboratory prototype.   

Introduction 
In recent decades a lot of attention is paid to renewable energy technologies due to the increased 
greenhouse emissions and other environmental concerns [1]. One of the main contributors to the 
emission of CO2 is transportation which is mainly consisted of internal combustion engine vehicles. To 
overcome this issue, it is widely accepted that more efficient and affordable Electric Vehicles (EVs) 
should be replaced with existing vehicles. Therefore, EV power train technologies have been the topic 
of a lot of research studies in the past decade [2] and [3]. Most recent EVs use a 400 V powertrain system 
which is well established and standardized through the years. From the advent of EVs, one of the early 
concerns about them was their limited driving range, which is being fulfilled by adding to the capacity 
of the long-range EV battery packs. The latter brings forward another challenge which is the long 
recharging time of a depleted high-capacity battery pack. To address the high power charging challenge, 
DC fast chargers that have been classified as the level 3 charging method for EV charging stations are 
meant to provide high power DC voltage directly to the EV battery [4].  
 
The conventional method for DC fast charger is based on a two-stage approach to achieve the required 
specifications [5], with a direct three-phase AC-DC converter like Vienna rectifier at the grid side to 
achieve Power Factor Correction (PFC) [6]. In the second stage, soft-switching DC-DC converters like 
phase-shifted full-bridge converters or LLC resonant converters are preferred to provide voltage 
isolation and regulation while achieving high efficiency in DC-to-DC conversion [7] and [8]. To 
improve efficiency, interleaving multiphase DC-DC converters is a necessity for high-power chargers, 
which can be a challenging task for resonant converters [9]. Because of using two cascaded stages in 
the conventional method, the total AC-to-DC conversion efficiency is usually limited to below 96% and 
the power density is also suffering due to many active and passive components.  
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In recent years, single-stage EV chargers are becoming attractive due to their ability to improve both 
efficiency and power density [10]-[12]. In [10] a DAB-based direct three-phase AC-DC converter is 
proposed using a matrix converter at the primary of the transformer with back-to-back switches. In [11], 
a phase-modular three-phase AC-DC converter is proposed for EV battery charging applications using 
Cuk converter modules. This converter lacks soft-switching and suffers high current stress making it 
less attractive for high-power applications. In [12], a soft-switching phase-modular three-phase AC-DC 
converter is proposed for EV battery charging. The efficiency is low as a result of large current ripples 
due to using DCM boost inductors to obtain inherent PFC. 
 
In the past decades, most of the literature only discussed EV chargers for a 400 V system while an 800 
V system is beginning to take more attention in recent years [13]-[15]. In [16], a single-stage single-
phase EV charger based on a bridgeless boost PFC rectifier and a three-level CLL resonant converter 
with three winding transformers is proposed. The secondary and tertiary windings of the transformer are 
connected in series with a coupled inductor to provide 800V at the battery side. The output voltage of 
this converter has a double line frequency ripple and hence needs a ripple cancellation method. In [17] 
a single-stage three-phase EV charger is proposed based on a phase-modular approach using a dual 
active bridge converter. Although it is mentioned that the proposed charger is suitable for a wide output 
voltage range, sufficient analysis and verification are not provided.  
   
Since the 800 V EV battery that was first proposed by Porsche and now is being used by other 
automakers consists of two series-connected modules with equal cells [13], a Battery Selection Circuit 
(BSC) is proposed in [18] to be added at the output of exiting EV chargers allowing both 400 V and 800 
V battery charging. The proposed BSC charges two 400 V battery modules interchangeably so the 
semiconductors are all rated for a 400 V system. However, this circuit introduces additional loss when 
charging a 400 V EV battery pack and it requires additional battery management systems at the charger 
side for safety reasons. In [19], a two-stage three-phase EV charger is proposed that is suitable for both 
400 V and 800 V batteries. A direct three-phase Boost PFC is used at the input followed by a three-
active bridge DC-DC converter with two transformers. The output of the transformers is connected in a 
reconfigurable fashion so both output charging voltage ranges can be met. The stress of components is 
large as a direct three-phase approach is used and the efficiency is not high enough due to the dual power 
processing stages.   
 
In this paper, a novel single-stage three-phase EV charger is proposed with a wide output voltage range. 
Fig.1 illustrates a general block diagram of the proposed EV charger with reconfigurable output that can 
be used with both 400 V and 800 V EV battery voltages (𝑉𝑉𝐵𝐵). Moreover, the proposed EV charger has 
a phase-modular structure using LLC PFC converter modules [20], which allows achieving soft-
switching over a wide output voltage range. Furthermore, unlike most other power electronics converters 
suitable for the EV 800 V system, in the proposed EV charger there is no need for 1200 V SiC devices, 
and only 650 V switches/diodes are used. The proposed converter is introduced and analyzed in the next 
section. Then, simulation and experimental results are provided to verify the performance. Finally, the 
paper is concluded in the last section.  
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Fig. 1. Block diagram illustration of the proposed EV charger with reconfigurable output.  
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The proposed single-stage three-phase EV charger 
Fig. 2 illustrates the proposed single-stage three-phase EV charger with reconfigurable output. When 
two double pole relays are in position 1 the output is set for 400 V battery systems (𝑉𝑉𝑜𝑜400 = 𝑉𝑉𝑜𝑜1 = 𝑉𝑉𝑜𝑜2 =
𝑉𝑉𝑜𝑜3) and when the relays are in position 2 the output is set for 800 V battery systems (𝑉𝑉𝑜𝑜800 = 𝑉𝑉𝑜𝑜1 +
𝑉𝑉𝑜𝑜2 + 𝑉𝑉𝑜𝑜3). The proposed three-phase charger has a phase-modular structure, so the maximum stress is 
distributed among components leading to high reliability, high efficiency, and low cost. Each phase is 
consisted of an LLC converter module to take advantage of Zero Voltage Switching (ZVS) and Zero 
Current Switching (ZCS) for all the switching devices. The latter allows high switching frequency 
implementation in the proposed three-phase rectifier leading to a high power density. The PFC is 
achieved by changing the switching frequency of each phase with respect to the line AC voltages. In 
this way, using a low-quality factor (Q) resonant tank design allows for achieving high voltage gains 
around the parallel resonant frequency (𝑓𝑓𝑝𝑝), which is required around the line Voltage Zero Crossing 
(VZC) area. Moreover, the voltage gain requirement around the peak line voltage is minimum and 
usually is set to be around the series resonant frequency (𝑓𝑓𝑠𝑠) keeping the operation in the below resonant 
area to take advantage of ZCS for the diodes.  
 
Considering that the switching frequency is much higher than the AC line frequency, there is negligible 
high-frequency current flowing into the output capacitors. Then, the rectified output current of each 
phase (𝑖𝑖𝑜𝑜1,2,3) can be represented by its fluctuating average value, which can be written based on the 
instantaneous input voltages (𝑣𝑣𝑎𝑎(𝑡𝑡), 𝑣𝑣𝑏𝑏(𝑡𝑡), 𝑣𝑣𝑐𝑐(𝑡𝑡)) and input currents (𝑖𝑖𝑎𝑎(𝑡𝑡), 𝑖𝑖𝑏𝑏(𝑡𝑡), 𝑖𝑖𝑐𝑐(𝑡𝑡)) of a balanced 
three-phase system with 120° phase displacement connected to a unity power factor correction lossless 
three-phase circuit. Then in a balanced three-phase system, the fluctuating part of the voltage and current 
get canceled in the output. Hence, the battery voltage and current for both output modes can be written 
based on the average voltages and currents and the Root Mean Square (RMS) value of the AC voltages  
(𝑉𝑉𝑎𝑎𝑐𝑐) and currents (𝐼𝐼𝑎𝑎𝑐𝑐) in the following forms.   

𝑉𝑉𝐵𝐵400 = 𝑉𝑉𝑜𝑜1 = 𝑉𝑉𝑜𝑜2 = 𝑉𝑉𝑜𝑜3 , 𝐼𝐼𝐵𝐵400 = 𝐼𝐼𝑜𝑜1 + 𝐼𝐼𝑜𝑜2 + 𝐼𝐼𝑜𝑜3 = 3 ×
𝑉𝑉𝑎𝑎𝑐𝑐𝐼𝐼𝑎𝑎𝑐𝑐
𝑉𝑉𝐵𝐵400

 (1) 

𝑉𝑉𝐵𝐵800 = 𝑉𝑉𝑜𝑜1 + 𝑉𝑉𝑜𝑜2 + 𝑉𝑉𝑜𝑜3 = 3 ×
𝑉𝑉𝑎𝑎𝑐𝑐𝐼𝐼𝑎𝑎𝑐𝑐
𝐼𝐼𝐵𝐵800

 , 𝐼𝐼𝐵𝐵800 = 𝐼𝐼𝑜𝑜1 = 𝐼𝐼𝑜𝑜2 = 𝐼𝐼𝑜𝑜3 (2) 
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Fig. 2. The proposed single-stage three-phase EV charger with reconfigurable output. 
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The equivalent model of the three-phase AC-DC LLC converter in both output configuration modes is 
shown in Fig. 3. The input of each LLC resonant tank is a square wave voltage coming from the inverter 
bridge that is dependent on the line angle and its initial value, 𝜃𝜃 and 𝜃𝜃0, respectively. In a balanced three-
phase system with 120° phase displacement, 𝜃𝜃0 is equal to zero for phase 1, it is equal to -120° for Phase 
2, and it is equal to +120° for phase 3. The equivalent load resistance transferred to the primary side of 
the transformer of each phase can be written in terms of fluctuating output power over the line cycle that 
is equal to the input power for a lossless circuit (i.e., 𝑝𝑝𝑖𝑖𝑖𝑖(𝜃𝜃 + 𝜃𝜃0) = 𝑝𝑝𝑜𝑜(𝜃𝜃 + 𝜃𝜃0)).  

𝑝𝑝𝑜𝑜(1,2,3)(𝜃𝜃 + 𝜃𝜃0) = 2 × sin2(𝜃𝜃 + 𝜃𝜃0) × 𝑃𝑃𝑜𝑜(1,2,3) = 2 × sin2(𝜃𝜃 + 𝜃𝜃0) ×
𝑣𝑣𝑜𝑜𝑜𝑜(1,2,3)
2

𝑅𝑅𝑜𝑜𝑜𝑜(1,2,3)_𝐹𝐹𝐹𝐹
 (3) 

𝑅𝑅𝑜𝑜𝑜𝑜(1,2,3)_𝐹𝐹𝐹𝐹 =
8 × 𝑛𝑛(1,2,3)

2

𝜋𝜋2
× 𝑅𝑅𝐹𝐹(1,2,3)_𝐹𝐹𝐹𝐹 =

8 × 𝑛𝑛(1,2,3)
2

𝜋𝜋2
×

𝑉𝑉𝑜𝑜(1,2,3)

𝐼𝐼𝑜𝑜(1,2,3)_𝐹𝐹𝐹𝐹
 (4) 

𝑅𝑅𝑜𝑜(1,2,3)(𝜃𝜃 + 𝜃𝜃0) =
𝑣𝑣𝑜𝑜𝑜𝑜(1,2,3)
2

𝑝𝑝𝑜𝑜(1,2,3)(𝜃𝜃 + 𝜃𝜃0)
=

𝑅𝑅𝑜𝑜𝑜𝑜(1,2,3)_𝐹𝐹𝐹𝐹

2 sin2(𝜃𝜃 + 𝜃𝜃0) =
4 × 𝑛𝑛(1,2,3)

2

𝜋𝜋2 sin2(𝜃𝜃 + 𝜃𝜃0) × 𝑅𝑅𝐹𝐹(1,2,3)_𝐹𝐹𝐹𝐹

=
4 × 𝑛𝑛(1,2,3)

2

𝜋𝜋2 sin2(𝜃𝜃 + 𝜃𝜃0) ×
𝑉𝑉𝑜𝑜(1,2,3)

𝐼𝐼𝑜𝑜(1,2,3)_𝐹𝐹𝐹𝐹
 

(5) 

where 𝑅𝑅𝑜𝑜𝑜𝑜(1,2,3)_𝐹𝐹𝐹𝐹 is the equivalent load resistance transferred to the primary side of the transformers, 
𝑅𝑅𝐹𝐹(1,2,3)_𝐹𝐹𝐹𝐹 is the output load resistance of each phase, and 𝐼𝐼𝑜𝑜(1,2,3)_𝐹𝐹𝐹𝐹 is the output load current of each 
phase when operating at full output power (𝑃𝑃𝑜𝑜(1,2,3)).  
 
Then with a balanced power distribution between the three-phase modules (𝑃𝑃𝑜𝑜(1,2,3) = 𝑃𝑃𝑜𝑜/3), the total 
equivalent load resistance at the primary of the transformers for the three-phase system is not dependent 
on the line cycle angle as the AC line fluctuation gets canceled in the output in a balanced system.  
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Fig. 3. The equivalent model of the three-phase AC-DC LLC converter, (a) Mode1, and (b) Mode 2.  
 

Design considerations and control scheme 
The first step in the design procedure of the proposed EV charger is to find the turn ratio of the 
transformer. It is important to make sure all the boundary output voltage conditions can be met. The 
detailed design of the single-stage PFC operation of three-phase soft-switching LLC-based rectifiers has 
been discussed in the literature [21] and [22]. The voltage range of the 400 V battery systems is 
considered to be from 250 V to 420 V and the voltage range of the 800 V battery systems is considered 
to be from 550 V to 850 V. To find out the transformer turn ratio, the minimum required gain by the 
rectifier at θ=90° is equal to the minimum available gain by the LLC converter. Please note that the 
maximum switching frequency swing will happen at the lowest output voltage condition of Mode 2 (i.e., 
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a series connection of phase modules), which is for 550 V battery voltage. Hence, the output voltage 
range for each phase of the proposed EV charger should be designed from 550/3 V to 420 V. As the 
lower voltage limit for battery charging has a derating condition due to constant current charging, it is 
important to minimize circulating conduction losses for the voltages close to the rated battery voltage 
(e.g., 400 V and 800 V). Therefore, only for the 550 V condition, the switching frequency goes into an 
above series resonant region (𝑓𝑓𝑠𝑠 < 𝑓𝑓𝑠𝑠𝑠𝑠) where a minimum required LLC voltage gain of 0.8 is realized. 
Hence, the turn ratio of the transformer (𝑛𝑛1,2,3 = 𝑁𝑁𝑝𝑝1,2,3/𝑁𝑁𝑠𝑠1,2,3) can be found in the following 
equations.  
 

𝐺𝐺𝑟𝑟𝑜𝑜𝑟𝑟𝑚𝑚𝑖𝑖𝑖𝑖(𝜃𝜃) =
𝑉𝑉𝑜𝑜1,2,3

𝑚𝑚𝑖𝑖𝑖𝑖

𝑉𝑉𝑎𝑎𝑐𝑐
→ 𝐺𝐺𝑟𝑟𝑜𝑜𝑟𝑟𝑚𝑚𝑖𝑖𝑖𝑖(90°) =

550/3
𝑉𝑉𝑎𝑎𝑐𝑐(𝑝𝑝𝑝𝑝)

 (6) 

𝐺𝐺𝐹𝐹𝐹𝐹𝐿𝐿(𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑡𝑡)
𝑚𝑚𝑖𝑖𝑖𝑖(𝑓𝑓𝑠𝑠𝑠𝑠) = 𝐺𝐺𝐹𝐹𝐹𝐹𝐿𝐿𝑚𝑚𝑖𝑖𝑖𝑖(𝑓𝑓𝑠𝑠𝑠𝑠) ×

1
𝑛𝑛1,2,3

→ 𝐺𝐺𝐹𝐹𝐹𝐹𝐿𝐿(𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑡𝑡)
𝑚𝑚𝑖𝑖𝑖𝑖(𝑓𝑓𝑠𝑠𝑠𝑠) =

0.8
𝑛𝑛1,2,3

 (7) 

𝐺𝐺𝑟𝑟𝑜𝑜𝑟𝑟𝑚𝑚𝑖𝑖𝑖𝑖(𝜃𝜃) = 𝐺𝐺𝐹𝐹𝐹𝐹𝐿𝐿(𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑡𝑡)
𝑚𝑚𝑖𝑖𝑖𝑖(𝑓𝑓𝑠𝑠𝑠𝑠) →

550/3
𝑉𝑉𝑎𝑎𝑐𝑐(𝑝𝑝𝑝𝑝)

=
0.8
𝑛𝑛1,2,3

→ 𝑛𝑛1,2,3 =
0.8 × 𝑉𝑉𝑎𝑎𝑐𝑐(𝑝𝑝𝑝𝑝)

550/3
 (8) 

 
Fig. 4 illustrates the design gain curves for the maximum and minimum switching frequency swing 
conditions, which is for 𝑉𝑉𝑜𝑜=550 V and 𝑉𝑉𝑜𝑜=420 V, respectively. It should be mentioned that this design 
is for a 1.5 kW prototype that was implemented in the laboratory. These design gain curves show the 
available gain curves for different line angles corresponding to different output power levels. The 
resonant tank parameters are designed such that the required minimum gain can be achieved for both 
boundary voltage conditions of each phase while minimizing the circulating current at the primary side 
of the LLC modules.  
 

fsw

fs
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fsw

fs

fp

 
(a) 𝑉𝑉𝑜𝑜=550 V, 𝑃𝑃𝑜𝑜=1 kW, Mode 2 (b) 𝑉𝑉𝑜𝑜=420 V, 𝑃𝑃𝑜𝑜=1.5 kW, Mode 1 

Fig. 4. LLC module design gain curves for (a) maximum switching frequency swing and (b) minimum 
switching frequency swing. 
 
Fig. 5 illustrates a typical charging profile of both 400 V and 800 V battery systems with similar charging 
capacity being connected to the same power level EV charger. In the proposed EV charger, the 
maximum charging current is limited to 𝐼𝐼𝑐𝑐ℎ for 400 V battery and it is limited to 𝐼𝐼𝑐𝑐ℎ/2  for 800 V battery. 
Commonly, the first charging mode in battery charging is Constant Current (CC) followed by a Constant 
Voltage (CV) mode to maximize the battery State of Charge (SOC). The charging current at the end of 
a charging cycle is usually around 10 % of the CC charging current. It should be mentioned that in EV 
DC fast charging only the maximum deliverable power in CC mode is critical in order to increase the 
battery SOC from 10-20 % to 60-80 %. It should be mentioned that the DC fast charging profile can be 
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variable for different EVs to meet the temperature stress of the battery cells which is also dependent on 
the available battery cooling capacity.  
 
The overall control scheme of the proposed EV charger is demonstrated in Fig. 6. In the control unit, 
the input three-phase voltages and currents are sensed to realize PFC, and the output voltage and current 
are sensed to realize the desired battery charging profile. Based on the pre-charging communication 
between the battery and the EV charger the proper signal for CC/CV charging and output mode selection 
of the proposed charger is decided to reflect the type, capacity, and SOC of the installed battery on the 
EV. Furthermore, three current reference signals are generated based on the sensed AC voltages that 
form three fast inner current loops for PFC. In the outer loop that is slower than the inner loops, the 
voltage/current feedback signals are compared with the reference signals and a control signal (𝑣𝑣𝑐𝑐) is 
generated based on the desired charging mode that is then used in the inner current loops.   
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Fig. 5. The charging strategy of the proposed EV charger for both 400 V and 800 V batteries with similar 
capacity using the same power rating charger with a maximum current of 𝐼𝐼𝑠𝑠ℎ. 
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Fig. 6. The overall control scheme of the proposed wide output voltage range EV charger.  
 

Simulation results 
The proposed EV charger is simulated in the PSIM environment to verify its performance. Table I shows 
the design parameters used for both computer simulation and experiment. The resonant tank components 
are selected based on the design curves shown in Fig. 3 so all the operating conditions can be met. It 
should be mentioned that a small LC filter is used at the input of each module to filter the switching 
frequency ripple at the grid side. In the practical EV charging profile, around 30 % derating is considered 
for the depleted battery conditions, i.e., for 250 V in the 400 V battery and 550 V in the 800 V battery, 
and the full power should be available from 𝑉𝑉𝑜𝑜=320 V for 400 V battery system and from 𝑉𝑉𝑜𝑜=650 V for 
800 V battery systems. 
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Table I: The parameters used in both simulation and experiment. 

Parameters/Description Values 
Output Power Range (𝑃𝑃𝑜𝑜) 1 kW - 1.5 kW 
Input Voltages (𝑉𝑉𝑎𝑎 ,𝑉𝑉𝑏𝑏, 𝑉𝑉𝑐𝑐) 220 Vac 
Output Voltage Range (𝑉𝑉𝑜𝑜) 250 Vdc - 850 Vdc 
Switching Frequency Range (𝑓𝑓𝑠𝑠𝑠𝑠[1,2,3]) 200 kHz - 600 kHz 
Parallel Resonant Inductor (𝐿𝐿𝑚𝑚[1,2,3]) 120 µH 
Series Resonant Inductor (𝐿𝐿𝑟𝑟[1,2,3]) 22.5 µH 
Series Resonant Capacitor (𝐶𝐶𝑟𝑟[1,2,3]) 4.8 nF 
Parallel Resonant Frequency (𝑓𝑓𝑝𝑝) 191 kHz 
Series Resonant Frequency (𝑓𝑓𝑠𝑠) 484 kHz 
Transformer Turns Ratio (𝑛𝑛[1,2,3] : 1) 1.35 

Input LC Filter 
Inductor (𝐿𝐿𝑓𝑓[1,2,3]) 25 µH 
Capacitor (𝐶𝐶𝑓𝑓[1,2,3])  0.5 µF 

Output Capacitor (𝐶𝐶𝑜𝑜1, 𝐶𝐶𝑜𝑜2,𝐶𝐶𝑜𝑜3) 120 µF 
 
Fig. 7. shows the steady-state line cycle simulation results for 400 V battery systems. For this condition, 
the output of the three-phase modules is connected in parallel. Fig. 7 (a) shows the simulation results 
for 𝑉𝑉𝑜𝑜=250 V. A scaled-down waveform of phase one’s voltage is demonstrated to show a near unity 
power factor along with three-phase sinusoidal currents. As intended, the switching frequency of the 
three modules is close to the parallel resonant frequency around VZC points over the line cycle. Fig. 7 
(b) shows the simulation results for 𝑉𝑉𝑜𝑜=420 V at rated output power. It can be observed that for the 
higher battery voltage condition also a unity power factor is achieved with near sinusoidal currents and 
low THD. Moreover, the output voltage ripple in both boundary conditions is below 100 mV. 
 
The simulation results for the 800 V battery charging condition with series output connection of the 
three-phase modules are shown in Fig. 8. As can be observed from Fig. 8 (a) the switching frequency 
swing is from 200 kHz to 600 kHz for 𝑉𝑉𝑜𝑜=550 V which is in accordance with the design criteria 
mentioned in the previous section. Fig. 8 (b) illustrates the simulation results for 𝑉𝑉𝑜𝑜=850 V at rated 
output power. In both boundary conditions of the 800 V battery charging a unity power factor is achieved 
with a near sinusoidal current shape at the AC side. Furthermore, it can be observed that the output 
voltage of the proposed EV charger does not carry any low-frequency ripple in both parallel connection 
and series connection of the three-phase modules.  
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(a) 𝑉𝑉𝑜𝑜=250 V and 𝑃𝑃𝑜𝑜=1 kW (b) 𝑉𝑉𝑜𝑜=420 V and 𝑃𝑃𝑜𝑜=1.5 kW 

Fig. 7. Line cycle simulation results for the 400 V battery charging profile. 
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(a) 𝑉𝑉𝑜𝑜=550 V and 𝑃𝑃𝑜𝑜=1 kW (b) 𝑉𝑉𝑜𝑜=850 V and 𝑃𝑃𝑜𝑜=1.5 kW 

Fig. 8. Line cycle simulation results for the 800 V battery charging profile. 
 
Fig. 9 illustrates the simulation results of resonant current and magnetizing current for the peak power 
delivery condition in the positive line cycle (i.e., at θ=90°) for both minimum and maximum voltage 
levels of the 400 V and 800 V battery charging profiles. As can be observed from Fig. 9 (a), the operation 
of the LLC tank for 250 V output voltage is close to the series resonant frequency. The circulating 
current at the primary side of the transformer is 35 % in this condition. Fig. 8 (b) shows that the switching 
frequency for 420 V output voltage is far away from the series resonant frequency with the highest 
circulating current of 55 %. As expected from the design criteria shown in Fig. 4 (b), the switching 
frequency range is narrow for the 420 V condition. Fig. 9 (c) illustrates the minimum charging voltage 
for the series output connection in the 800 V battery charging profile with the maximum switching 
frequency operation and the circulating current of 18 % that is happening in the above resonant region. 
As demonstrated in Fig. 4 (a) the maximum switching frequency swing happens for the 550 V output 
voltage condition to reduce the RMS current and improve the circulating current for the 420 V output 
voltage condition. Fig. 9. (d) illustrates the maximum charging voltage condition with the switching 
frequency of 339 kHz and a 32 % circulating current.     
 

  
(a) 𝑉𝑉𝑜𝑜=250 V, 𝑃𝑃𝑜𝑜=1 kW, 𝑓𝑓𝑠𝑠𝑠𝑠=418 kHz  (b) 𝑉𝑉𝑜𝑜=420 V, 𝑃𝑃𝑜𝑜=1.5 kW, 𝑓𝑓𝑠𝑠𝑠𝑠=249 kHz 

  
(c) 𝑉𝑉𝑜𝑜=550 V, 𝑃𝑃𝑜𝑜=1 kW, 𝑓𝑓𝑠𝑠𝑠𝑠=600 kHz (d) 𝑉𝑉𝑜𝑜=850 V, 𝑃𝑃𝑜𝑜=1.5 kW, 𝑓𝑓𝑠𝑠𝑠𝑠=339 kHz 

Fig. 9. Zoomed-in waveforms of peak power delivery at θ=90° for all boundary conditions of the 400 V 
and 800 V charging profiles. 
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Experimental results 
A 1.5 kW prototype is built in the laboratory to verify the performance of the proposed EV DC fast 
charger. A single Microchip dsPIC microcontroller is used to perform digital control implementation of 
the proposed three-phase charger. In the MCU, a look-up table is used to implement the reference signals 
for the three-phase input current to realize a proper PFC. It should be mentioned that in the prototype 
the input diode rectifiers are 650 V Silicon diodes and 650 V GaN HEMTs are used for the primary 
switching bridges while 650 V SiC diodes are used for the output rectifiers of each module. Hence, all 
the switching devices of the proposed EV DC fast charger are rated for 650 V, which increases the 
reliability while keeping the implementation costs down.  
 
Fig. 10 (a) shows the experimental result for three-phase currents over the line frequency for the 420 V 
output voltage condition. In this case, double pole relays in Fig. 2 are in position 1 so the output of the 
three-phase modules are connected in parallel. As can be observed, a proper PFC is achieved in all 
phases and the output voltage does not consist of any low-frequency ripple. Fig. 10 (b) shows the line 
frequency experimental results for the 850 V output voltage condition. In this case, the double pole 
relays are set in position 2 so the output of the three-phase modules is connected in series.  
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(a) 𝑉𝑉𝑜𝑜=420 V and 𝑃𝑃𝑜𝑜=1.5 kW (b) 𝑉𝑉𝑜𝑜=850 V and 𝑃𝑃𝑜𝑜=1.5 kW 

Fig. 10. Line cycle experimental results of the proposed EV charger for both battery voltage levels. 
 
The zoomed-in resonant current waveforms are shown in Fig. 11 for both 420 V and 850 V output 
voltage conditions. The maximum switching frequency that happens at θ=90° is 240 kHz for 𝑉𝑉𝑜𝑜=420 V 
and the maximum switching frequency for 𝑉𝑉𝑜𝑜=850 V is equal to 337 kHz. Both conditions are as 
expected and according to the simulation results shown in Fig. 7 to Fig. 9. 
 
The efficiency measurements for 𝑉𝑉𝑜𝑜=420 V - 𝑃𝑃𝑜𝑜=1.5 kW shows around 96.5 % efficiency and for 𝑉𝑉𝑜𝑜=850 
V - 𝑃𝑃𝑜𝑜=1.5 kW shows around 96.2 % efficiency. It should be mentioned that based on power loss 
estimations the efficiency can be improved by around 1 % after changing the input rectifiers with Si 
MOSFETs and using SiC MOSFETs for the synchronous rectifiers. 
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(a) 𝑉𝑉𝑜𝑜=420 V, 𝑃𝑃𝑜𝑜=1.5 kW and 𝑓𝑓𝑠𝑠𝑠𝑠=240 kHz (b) 𝑉𝑉𝑜𝑜=850 V, 𝑃𝑃𝑜𝑜=1.5 kW and 𝑓𝑓𝑠𝑠𝑠𝑠=337 kHz 

Fig. 11. Zoomed-in resonant current waveforms of different battery pack voltage levels. 
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Conclusion 
A new single-stage three-phase EV charger with reconfigurable output has been proposed in this paper. 
The main characteristics of the proposed EV charger include soft-switching, no dc-link capacitor 
requirement, and suitability for both 400 V and 800 V automotive battery systems. The analysis 
demonstrated a suitable resonant tank design for a wide output voltage operation in the proposed three-
phase EV DC fast charger. Computer simulation results verified the proper PFC performance and small 
output voltage ripple of the proposed single-stage three-phase EV charger over a wide output voltage 
range from 250 V to 850 V. Moreover, a 1.5 kW laboratory prototype has been built to verify the 
practicability of the proposed EV DC fast charger for both 400 V and 800 V battery charging 
applications.   
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