
 

 
Abstract— Modeling and control of a 50KW Electric 

Vehicle battery fast charger Power Factor Correction stage, 
developed at Gamatronic Electronic Industries LTD, is 
presented in the paper.  The charger topology may be referred 
as a two-stage controlled rectifier. The input stage consists of a 
three phase full bridge rectifier combined with an active power 
filter (three single stage power filters are actually employed). 
The input stage creates an uncontrolled DC bus while 
complying with the grid codes by keeping the THD and power 
factor within the permissible limits. The output stage is formed 
by twelve DC-DC converters and is perceived as a constant 
power load by the input stage. The active power filter is 
operated using all-analog control circuitry according to the 
predetermined grid interfacing behavior. Input stage hardware 
and control loops are explained throughout the paper and 
extended simulation/experimental results are presented. 

 
Index Terms—Electric vehicle, Power Factor Correction, 

Active Power Filter, Analog Control. 
 

I. INTRODUCTION 

HE traction battery (typically of the lithium-ion type) 
is undoubtedly the most critical component of an 

electric vehicle (EV), since the cost, the weight as well as 
the reliability and driving range of the vehicle are strongly 
influenced by the battery characteristics [1], [2]. Moreover, 
the battery must be properly managed, and in particular 
properly recharged in order to utilize its full capacity and 
preserve its nominal lifetime [3] – [6]. 

There are two types of battery chargers: the on-board 
(sometimes called slow or low power) charger, through 
which the battery is recharged when parking and plugged 
into a charging spot [7] – [14], and the off-board (so-called 
fast or high power) charger, located at the Battery Switch 
Station (BSS) [15], [16]. The slow charger usually operates 
at 0.1-0.2C rates, while the fast charger rate typically 
reaches 1-2C rates, i.e. while charging a 25KWh battery; the 
slow charger supplies 3-4KW while the fast charger peak 
power is around 30-50KW. The typical concept of EV 
includes urban driving only, where the full battery charge is 
sufficient for short-range routes. Recharging is 
accomplished by plugging the car into charge spots placed 
at different city locations throughout the day and at driver’s 
home during the night. Recently, a paradigm shift towards 
closing the gap between EV and conventional vehicles has 
occurred, forcing the infrastructure to support EV intercity 
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driving as well. The following concept of BSS was 
developed: when out of charge, the EV battery can be 
replaced at a BSS, allowing nearly uninterrupted long range 
driving. The near-empty battery, removed from a vehicle at 
the BSS, is charged by a fast charger (FC), and is available 
as quickly as possible for the next customer. 

The FC is basically a controlled AC/DC power supply, 
drawing the power from the three phase AC utility grid and 
injecting it into the traction battery. In order to provide a 
feasible solution, the FC must satisfy both the grid code in 
terms of THD and power factor from the utility side and 
lithium-ion charging modes from the battery side.  

Since the BSS usually contains multiple FCs, its impact 
on the distribution grid is very significant, as was shown by 
previous research [17]-[23]. Therefore, the input stage of 
the FC usually performs rectification and Power Factor 
Correction (PFC) according to the regulation requirements. 
It can be accomplished either by employing an active 
rectifier [24]-[26], or a diode rectifier combined with a PFC 
circuit. The well-known single phase PFC approach, where 
a full-rating boost DC-DC converter follows the diode 
rectifier [27] is unsuitable for the three-phase case. 
However, it can either be modified by splitting the three-
phase rectifier into two single-phase legs followed by two 
independent PFC converters [28]. Alternatively, a more 
elegant approach employs a shunt connected Active Power 
Filter (APF) at the rectifier input, supplying the reactive 
current to the diode rectifier and thus achieving both near 
unity power factor and near zero Total Harmonic Distortion 
(THD) by forcing the utility to supply the active current, 
which is in phase with the utility voltage and of the same 
shape [29]–[35]. The use of either one three phase [29] – 
[32] or three single phase [33]-[35] APF configurations are 
potentially feasible for implementing a three phase PFC. 
The additional advantage of the approach is the fact that 
because of the shunt connection, the APF rating is 
approximately 40% of the series-connected PFC circuit 
rating, since the APF supplies the reactive power only to the 
diode rectifier (which is around 40% of the active power, 
flowing through the rectifier), while the series connected 
PFC converter supplies the active power, demanded by the 
load.  

A lithium-ion battery charging is characterized by two 
main phases: constant current (CC) and constant voltage 
(CV), as shown in Fig. 1. The battery is charged by a 
constant current until the voltage reaches a predetermined 
level. From this point the voltage is kept constant while the 
current reduces as the capacity approaches 100%. Hence, 
the charger output stage must be capable of operating either 
as a current source or as a voltage source and is 
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implemented via an interleaved DC-DC conversion stage, 
perceived as a constant power load by the PFC stage. 

 

 
Fig. 1: Lithium-ion battery charging modes 

 
The paper describes modeling and control of the PFC stage 
for a 50KW FC, employing a three phase diode rectifier 
combined with three single phase APFs as the input stage. 
The charger operates as a voltage supply with controllable 
dynamic current limitation. The charger operates from the 
380V three phase utility grid and is able to charge lithium-
ion batteries within the power range of 0 – 50KW by 
supplying DC current up to 125A.  

The rest of the paper is organized as follows. Section II 
presents the FC overview while the PFC stage operation is 
presented in Section III. Extended simulation and 
experimental results are shown in Section IV and the paper 
is concluded in Section V.  

 

 
 

Fig. 2: Fast Charger block diagram 

II. FAST CHARGER OVERVIEW 

The block diagram of the 50KW FC is shown in Fig. 2 
[36]. The charger is connected to a three phase four wire 
380V AC distribution grid. The input stage comprises a 
three-phase diode rectifier, enforced by three single phase 
APF as a PFC circuit. Each APF is connected between a 
power phase and the neutral line. The current, drawn by the 
rectifier (iDR for the R phase) is created by summation of the 
grid (iR for the R phase) and APF (iFR for the R phase) 
currents. The THD of the current, drawn by a three-phase 
diode rectifier with a resistive load (which is approximately 
the case in the FC) is around 31%. Therefore, taking into 
consideration a unity displacement factor, the power factor 
is way below the 92%, required by the regulation. Hence the 
APF should supply as much as possible of the rectifier 
current harmonic content, leaving the utility to supply 

mainly the first harmonic. The active power filters employ 
an independent control board, executing a control related to 
the grid requirements only, independent on the charging 
mode and power. 

The rectified voltage vIN is supplied directly to the output 
stage (note that there is no DC capacitor inserted between 
the stages). The output stage comprises twelve 4.5KW buck 
DC-DC converters, connected in parallel. The DC-DC 
converters are operated in an interleaving mode, divided 
into six groups of two converters, allowing significant 
reduction of both input and output currents of the DC-DC 
stage iIN and iO, respectively. A single output capacitor is 
connected at the charger output to further smooth the output 
current and allow output voltage adjustment prior to battery 
charging.  

The EV battery charging is performed in a master-slave 
manner. The battery operates as a master by sending a 
power request to the charger via CAN bus. The charger 
operates as a current source and calculates the desired 
current by dividing the battery power request by the 
measured battery voltage. Hence, the DC-DC stage is 
perceived as a constant power load by the PFC stage.   

III. PFC STAGE MODELING AND CONTROL 

Single phase APF hardware, employed in the input stage 
of the FC, is shown in Fig. 3. The APF is implemented as a 
four quadrant DC-AC buck converter, connected to the 
utility via an inductor. Since the APF supplies reactive 
power only, single capacitor at the DC side is sufficient. 
However, since there are some power losses in the APF, the 
power balance of the capacitor must be ensured by a 
respective control loop in order to compensate the losses in 
the APF by drawing a small amount of active power from 
the utility. The outer PI control loop operates to maintain the 
power balance by keeping a constant DC link voltage at a 
level above the line voltage, as shown in Fig. 4, where VREF 
and VC are the desired and measured DC link voltages, 
respectively.  

The inner loop implements an indirect current control, i.e. 
instead of the filter current the utility current is sensed and 
controlled.  

 
 

 
Fig. 3: Active power filter: power hardware  
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Fig. 4: Active power filter: control hardware 

 
Recall that in order to operate with a near unity power 
factor, the utility current should be in phase with the utility 
voltage and have the same shape, while its magnitude 
should be equal to the first harmonic magnitude. The power 
balancing loop calculates the utility current magnitude A 
while the sinusoidal shape is achieved by sensing the utility 
voltage and forcing the current loop reference current to 
follow it.   
The utility voltages are given by 
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in order to achieve a near unity power factor operation.  
Hence, utility current references are given by 
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The inner PI loop processes the difference between the 
utility current reference and the measured line current (iL in 
Fig. 4) and calculates the desired APF voltage signal. The 
signal is fed into a bipolar PWM circuitry, which outputs 
gate commands to the APF transistors according to the 
desired current sign.    
 

IV. RESULTS AND DISCUSSION 

In order to validate the proposed design, the system was 
first modeled and simulated using PSIM software. The 
output stage was modeled as a pulsed 25KW → 50KW → 
25KW time varying constant power load. The harmonic 
currents drawn by the diode rectifier are shown in Fig. 5.  
The highly nonlinear nature of the current dictated by the 
constant power load is evident. 

The input stage performance is shown in Fig. 6. Despite 
the highly nonlinear currents iD drawn by the diode rectifier, 

the utility currents iS are nearly sinusoidal and in phase with 
the utility voltages vS, since the APF supplies the majority of 
harmonic content iF of the rectifier currents iD.  

In order to emphasize the filtering function of the APF, 
the R phase spectra of the utility, rectifier and APF currents 
are shown in Fig. 7.  
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Fig. 5: Constant power loaded iode rectifier currents 

 
Note the harmonic content of the diode rectifier currents, 
concentrated at 16 n harmonic, supplied by the APF, 
leaving the utility current spectra to contain energy mainly 
at first harmonic. 
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Fig. 6: Input stage performance: upper – utility voltages, middle – 
utility currents, lower – APF currents. 
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Fig. 7: The R phase spectra of the utility, rectifier and APF currents 

 
The DC link voltages of the three APFs are shown in Fig. 

8. The voltages are nearly constant in steady state since the 
power flow is well-balanced by the outer PI controllers. 

The experimental results of a resistive loaded rectifier 
with APFs are shown in Fig. 9 (phase R only). The utility 
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currents are nearly sinusoidal and show resistive mains 
behavior, as desired. The nonlinear rectifier current is well 
compensated by the appropriate APF current. 
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Fig. 8: DC link voltages of the active power filters 

 

 

 
Fig. 9: Experimental current vs R phase utility voltage: upper – 
rectifier current, middle – APF current, lower – utility current. 

V. CONCLUSION 

A PFC stage design for a 50KW Li-Ion traction battery 
fast charger was presented in the paper. The charger is 
basically a two-stage current power supply operated by the 
battery power requests. The input stage includes a diode 
rectifier with a shunt connected active filter, achieving 
excellent results in terms of THD and power factor. The 
output stage is formed by six interleaved groups of two 
parallel connected buck DC-DC converters, perceived as a 
constant power load by the PFC stage. Modeling and control 
of the PFC stage was revealed in the paper. Simulation and 
experimental results enforce the proposed design by 
demonstrating similar results    
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