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Abstract. In this article, an active inrush current limiter 

based on the phase shift control of silicon controlled 

rectifiers (SCRs) is proposed. These SCRs are used in 

medium power AC-DC converters (up to 3.7 kW) for 

electric vehicle (EV) charging systems. The control 

strategy consists in adjusting the triggering delay of SCRs 

both to limit the peak value of inrush current spikes and 

accelerate the charge of the DC-link capacitor of the 

converter. A modeling of the AC-DC converter, based on 

mathematical calculations, is necessary to implement the 

control strategy of the SCRs. Experimental test results 

demonstrate the robustness of the method, and confirm the 

modeling results. 
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1. Introduction 

 
Nowadays, electric vehicles (EVs) are very popular. In 

particular, EVs contribute to get rid of air pollutants (e.g., 

CO2, SO2 and NOx) caused by burning fossil fuels, and 

bring fuel economy to millions of drivers [1, 2]. 

In recent years, hybrid EVs (HEVs) have been developed 

to combine the use of an internal combustion engine with 

one or more electric motors (EMs) connected to a battery 

pack. Such hybridization improves the fuel economy, but 

all of the available energy still comes from the fuel tank 

[3]. 

Plug-in HEVs (PHEVs) have then been introduced to 

displace petroleum energy with multi-source electrical 

energy [4]. So, PHEVs are able to draw power from the 

electric grid, store it in batteries, and use it for 

transportation. These batteries play an important role due 

to their cost-effectiveness, energy and power densities, 

reliability, and charging time that depend on practical 

applications [5]. In particular, the lifetime and charging 

duration strongly depend on the features of the battery 

charger. 

 

Two kinds of battery chargers are currently used. The first 

one is the on-board type. The second one is the standalone 

type that provides fast charging. Regarding the on-board 

type, many authors have recently pointed out the 

importance to design a high power and high efficiency 

battery charger, while optimizing its weight, bulk and 

cost, because it should be carried by the vehicle [6]. 

 

Medium power (e.g., 3.7 kW) on-board battery charger 

converts alternating current (AC) from widely used AC 

110 V – 230 V / 16 A outlet to DC 200 V – 430 V / 10 A 

in order to charge the batteries by controlling the voltage 

and current flow. 

This kind of charger is typically composed of a large bulk 

electrolytic capacitance (e.g., 1 µF/W for 230 V RMS 

(root mean square), 50 Hz AC mains) [7]. This output 

capacitor, also called DC-link capacitor, is responsible for 

smoothing ripple in the rectified current prior being 

chopped at a high frequency.  

 

When the AC-DC power supply is plugged in, high inrush 

currents can be generated on AC-mains due to the charge 

of the output capacitor. Such high currents can easily 

range from 5 times to 20 times higher than the steady state 

load current [8].  

There are many consequences of these phenomena. 

Firstly, the equipment itself can be affected (e.g., blown 

fuses or tripped circuit breakers). Secondly, the individual 

devices of the AC-DC power supply (such as switches, 

rectifier diodes, smoothing capacitors) can be damaged. 

Thirdly, high inrush currents can induce an excessive 

current stress on AC-mains. 
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The research group on materials, microelectronics, 

acoustics and nanotechnology (GREMAN CNRS UMR 

7347, University of Tours, France), together with 

STMicroelectronics Tours SAS, has recently proposed an 

active inrush current limitation technique [9]. This 

technique is based on the phase shift control of silicon 

controlled rectifiers (SCRs) used in a medium power AC-

DC converter. 

This paper serves several purposes. First of all, the typical 

topology of AC-DC converter used in an on-board battery 

charger is recalled. The aim is to point out the relevance 

of the use of SCRs. Then, the smart control strategy of the 

thyristors is explained. Finally, experimental measurement 

results are discussed both to highlight the robustness of 

this method, and ensure that the AC-DC converter 

operates accurately. 

 

2. Example of Typical EV Battery Charger 

Topology and Active ICL Proposal using 

SCRs 

 
Figure 1 shows a typical topology of on-board EV 

charger. In that case, the AC-DC stage is composed of a 

totem-pole power factor corrector (PFC) coupled with a 

resonant LLC converter. In comparison with traditional 

PFC, for each AC-line half cycle, the totem-pole PFC uses 

one diode for the power-conduction path instead of 2. As a 

consequence, the efficiency of the converter is better 

because the conduction losses can be reduced. The 

resonant LLC converter is helpful to warrant high 

efficiency, low electromagnetic interferences (EMI) and 

high power density. However, its design may require more 

effort for optimization in comparison with pulse width 

modulation (PWM) converters [10]. One typical solution 

to build an inrush current limiter (ICL) consists in 

associating negative temperature coefficient (NTC) 

thermistor in parallel with a bypass switch such as an 

electromechanical relay. This parallel system is in series 

with AC-line. Such ICL induces several drawbacks. 

Firstly, the thermistor must be cooled down to reset it to 

high resistive mode. The recovery time is achieved by the 

bypass switch. An electromechanical relay has particularly 

many major drawbacks: bulky solution, high current 

consumption of the coil, risk of relay opening in case of 

vibrations, risk of explosion in flammable environment.  

 

In this paper, we propose to replace the two diodes of the 

totem-pole PFC (see Figure 1) by 2 SCRs to create a soft 

starter. In that case, the NTC thermistor coupled with the 

by-pass switch can be removed. Such solution is helpful 

both to limit inrush currents and optimize the charge of 

the DC-link capacitance by controlling the phase shift of 

each SCR. In particular, in this article, some tips are given 

to optimize the phase shift angle. A control algorithm is 

used and implemented in a microcontroller unit (MCU) to 

meet the expectations described above. 

             

 
 
Fig. 1.  Typical EV on-board battery charger topology based on a totem-pole PFC. Soft start function proposal using SCRs. 
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3. Soft Start Principle 
 

As can be seen in Figure 2, the first control strategy of the 

SCRs is based on a constant triggering delay (t). The gate 

current pulse width (PW) is incremented at each SCR turn-

on. So, it depends on the t-parameter. In particular, the 

duration of each consecutive pulse is increased with the 

t-value. As a consequence, it is possible to control the 

charge of the DC-link capacitor (see Figure 1, the DC-link 

capacitor is named “C1”) using this method.   

 

 
 

Fig. 2.  Control strategy of the SCRs based on a constant 

triggering delay. 

 

C. Reymond et al. have recently demonstrated that this 

control method of the SCRs is not totally satisfactory [9]. 

As can be seen in Figure 3, the charge of the DC-link 

capacitor (e.g., 1 mF capacitance) lasts approximately 

850 ms. This value may be too important, particularly for 

automotive applications.  

   
Fig. 3.  Experimental test results of the SCRs’ control strategy 

based on a constant triggering delay (50 µs). 

 

4. Soft Start Optimization 

 
A. SCR Control with a Variable Triggering Delay 

 
Another control strategy of the SCRs is based on an 

adjustable triggering delay (t). The method consists in 

calculating the phase shift of each power device to reach 

a constant value of the peak current flowing through the 

AC-line. The main advantage is to accelerate the charge 

of the output capacitor (DC-link capacitor) during the 

AC-DC power supply startup. 

 

Regarding this control strategy, the two SCRs are 

alternatively controlled according to the AC-line polarity 

by adjusting their turn-on delay. As can be seen in 

Figure 3, a modeling of the AC-DC converter is 

necessary to calculate (mathematical calculations) each 

triggering delay. Then, the power devices are controlled 

by a MCU thanks to an embedded look up table. 

 

 
Fig. 4.  Methodology used to control SCRs with an adjustable triggering delay. 
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B. Experimental Test Results 

 
An evaluation board was designed to prove the robustness 

of the totem pole PFC that embeds the inrush current 

limitation solution described above.  

 

Figure 5 gives the comparison between mathematical 

simulation results (Mathcad engineering software tool) and 

experimental test results. In particular, the amplitude of 

inrush currents was limited by adjusting the triggering 

delay of each SCR. The AC-DC converter was plugged in 

230 V RMS, 50 Hz AC-mains. 1 mF output capacitance 

(DC-link) was used. 

 

Simulation and experimental test results (see Figure 5) 

show that the charge of the DC-link capacitor is 

accelerated using this control approach of the SCRs. In 

particular, the charge duration is about 120 ms. This 

value is much lower than in the previous solution i.e., 

control of the SCRs using a constant triggering delay 

(using the same test conditions, the charge duration was 

about 850 ms).  

 

 
 

Fig. 5. Inrush current limiter by adjusting the SCRs’ triggering delay. Comparison between mathematical simulation results 

(Mathcad engineering software tool) and experimental test results. 

 

 

5. Conclusions 
 

In this paper, an efficient and low-cost active inrush 

current limiter based on the smart control of SCRs is 

proposed. These SCRs are used in AC-DC power supplies 

dedicated to EV charging systems.  

 

In particular, the control strategy consists in adjusting the 

triggering delay of SCRs both to limit the peak inrush 

currents and accelerate the charge of the DC-link capacitor 

of the AC-DC converter.  

 

A modeling of the AC-DC converter was performed using 

mathematical calculations (the Mathcad engineering tool 

was used). The control strategy of each SCR was taken 

into consideration. The experimental test results 

demonstrate the robustness of the modeling. 

 

The smart control of SCRs to limit inrush currents may be 

used in any type of AC-DC power supply. There are many 

applications: EV battery chargers, servers or lighting 

applications. 
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