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Abstract: - This paper focuses on solving the problem of relay contact arc in an electric vehicle by using IGBT. 
When a relay opens, interacting high current, an arc is produced across the relay contacts. The arc may melt and 
destroy the c ontacts. The IGBT is used to lim it the in rush current from the battery  to t he capacitor in the 
inverter when the system is turned ON. To shutdown the system, the IGBT is also used to gradually reduce the 
current to zero. This is achieved by  controlling IGBT’s  gate volt age which in turn control s current flowing  
through the IGBT.  The simulation responses of the proposed system and the convention system that uses a pre-
charge relay in series  with a re sistor were compared and analysed. With the propo sed control sy stem inrush 
currents are significantly reduced, solving the arc pr oblem. A prototype of the proposed system was built and 
tested, the test results proved that the proposed method gives the satisfactory response. 
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1 Introduction 
The most important com ponents in a pure electric 
vehicle include batteries used as ene rgy source, 
traction motors used for p ropulsion, auxiliary loads 
such as air conditioning unit, air com pressor, and 
steering pump, auxiliar y load unit used to suppl y 
power to the auxiliary loads, inverters used to 
control motors, and ve ry important switching 
devices called power rela ys. Power relay s are use d 
to turn ON the system (connecting the battery to the 
load) and to shut it down (disconnecting the battery 
from the load). 

A protective mechanis m is needed to prevent 
electric arc across relay contacts w hen the rela y 
closes or o pens. Conventionally, in an electri c 
vehicle, a pre-charge rela y is connected in series  
with a resistor to limit inrush current to the capacitor 
in the inverter. When the sy stem is tu rned on, the  
pre-charge relay and negative relay  are energized to 
pre-charge the capacitor un til the inrush current 
subsides. Then, the positive relay  is energized and  
the pre-charge relay is de-energized  [1]. But, if 
inverters are not OFF, t he conventional method 
cannot limit the inrush cu rrent when turn ON the 
system. To shutdown the system, all inverters must 
be turned OFF first. However, even if t he inverters 

are OFF but, so me inductive loads are still running,  
shutting down the s ystem may result to a surge 
voltage across relay  contact which wil l cause arc 
and damage at the contacts. The arc can m elt relay 
contacts and cause a permanent close, that is, the  
contacts cannot be opened electrically. 

This paper presents a solution to the relay 
contacts arc problem in high voltage sy stems by 
using IGBT transistor to limit inrush current when 
turning ON and limit the surge voltage when turning 
OFF a system. 
 
 
2 IGBT transistor modeling 
The IGBT m odel is sh own in Fig .1, when the 
voltage is applied at the gate pin, drain current ( dI ) 
of the MOSFET transistor equals the base current (

bI ) of the BJT transistor given by Equation (1). The 
current cI through the IGBT is given b y Equation 
(2), the value for k  is obtained under saturation 
condition using Equation (3). Thus Equation (2) can 
be rewritten as in Equation (5) [2]. 
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Fig.1 IGBT Model
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3 System Design 
The proposed system is shown in Fig.2.  The IGBT 
is connected in parallel with the negative relay  to 
limit inrush current during turning ON and lim it the 
surge voltage when shutting down the system. 

 

Fig.2 Pre/Post charge control Structure 

To turn ON the sy stem, the positive relay  is 
turned ON f irst while th e negative r elay and the  
IGBT are O FF. Then, the IGBT is partially turned 
ON to li mit the current fl owing into t he capacitor 
which is in the inverter. The voltage at the IGB T 
gate is then gradually increased to fully turn ON the 
IGBT (reducing voltage drop between collector and  
emitter) allowing full load current to f low. Then the 
negative relay is turned ON  and the IG BT is turned 

OFF. Thus, the sy stem runs with  IGBT OFF, 
positive and negative relays ON. 

To shutdown the sy stem, the IGBT is turned 
fully ON, and then the negative relay  is turned OFF. 
The voltage at the IGBT gate is then graduall y 
decreased (to decrease current flow) until the  
transistor is fully OFF. When the IGB T is OFF, the 
positive relay is then turned OFF. 
 
 
3.1 Pre Charging 
The circuit shown in Fi g.3 is used to  control the 
IGBT gate voltage, enabling turning ON the system. 
When the voltage 1V  is applied across the capacitor  

1C , the IGBT  transistor i s partially turned ON  
(IGBT gate voltage is lim ited) limiting current 
flowing through it. This enables limiting load 
current when turning ON the system.  

 
 
Fig.3 IGBT gate voltage control turning ON circuit 

The procedure starts by  applying the voltage 1V  
first and then the voltage  2V . The voltage 1V  
determines voltage drop across the optocoupler, thus 
determining gate voltage geV  of the IGBT  which in 
turn determines current flowing through the IGBT. 

From the IGBT control circuit shown in Fig.3, 
the voltage drop across the output of the optocoupler 
can be obtained from equation (6), the input current 
( FI ) and the output current ( CI ) through the 
optocoupler is given by  Equation (7) and equation  
(10) respectively. Thus the gate voltage ( geV ) can be 

obtained from Equation (9). The gate voltage geV  
from Equation (5)  equals Equatio n (9). Thus the 
relationship between the voltage 1V  and current cI  
is given b y Equation (11). The minimum value of 
resistor 2R is used [ 3], to deter mine the w orst case 
scenario under the operation conditions. 
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The voltage across the capacitor in the inverter is 
given by Equation (12). From Equation (11) the 
capacitor in the inverter charging  by the constant 
current, thus time deter mines how long the IGBT 
should remain partially ON by Equation (13).
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The next st ep procedure is turnin g OFF the 
voltage 1V  and still voltage  2V . The voltage 

1CV

determines the voltage drop across the optocoupler. 
The voltage 

1CV can be obtained from Equation (14) 

and Equation (15). Thus the current cI  can be  
obtained by Equation (19). 
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The value of capacitor 1C  can be obtained from  
Equation (20). The charging tim e is 5  times ti me 
constant ( 1 ), thus the values of the resistor 1R  and 
capacitor 1C  determine the tim e to turn ON the  
negative relay according to the Equation (21). 
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3.2 Post Charging 
To shutdown the system, only 3V  is applied to full y 
turn on the I GBT and then the IGBT control circuit 
is de-energized, as the ca pacitor 2C  discharges, the 
IGBT gate voltage gradually decreases. Further 
explanations are given in the following subsections. 
 

 

Fig.4 IGBT gate voltage control turning OFF circuit 

The shutdown procedure starts by  the IGBT is 
turned ON to b ypass the current. This is done by 
applying voltage 3V , as the  capacitor 2C  charges, 
the gate voltage ( geV ) of the IGBT increases to full y 
turn ON the IGBT. When the IGBT is fully ON, the 
negative relay is de-energized. And then the IGBT 
controlling circuit is de-energized, as t he capacitor 

2C  discharges, geV  decreases, when the voltage geV  

becomes less than the thr eshold voltage ( thV ) the 
IGBT is fully turned OFF. Finally, the positive relay 
is de-energized. As the capacitor 2C  discharges, the 
voltage geV  will decrease according to the Equation 

(22). The c apacitance of the c apacitor 2C  will 
determine by Equation (23). Thus the values of the 
resistor 3R  and capacitor 2C  determine the time to  
turn OFF the positive relay  according to the 
Equation (24). Designing the IGBT co oling system 
is used [4]. 
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4 Simulation and Experimental Result 
A conventional sy stem (Fig.5) and the proposed  
system (Fig.9) were both  simulated usin g 
MATLAB/Simulink, and the results a re compared.   
Simulation parameters were taken from  an electric 
bus called PEA Ze-Bus that  was recently developed 
in Thailand. The bus has 650 V, 300 Ah Li-ion  
battery, 495 F no-load capacitance ( 0C ), 0.11M
no-load resistance ( 0R ), 0.08mH no-load inductance 
( 0L ), 40  on-load resistance ( 1R ), and 1.2H on-
load inductance ( 1L ). Arc power model to 
simulation is used [5]. 
 
 
4.1 Conventional System 
A conventional system that uses a pre-charge relay  
in series with a current li miting resistor is shown in 
Fig.5. As previously mentioned, parameters for the 
battery, 0C , 0L , 0R , 1L , and 1R  were taken fro m 
the PEA Ze-Bus. The pre-charge relay  is connected 
in series with a 120 resistor. 

 

 

Fig.5 Conventional control system 

When the system is turned ON and OFF on load, 
the responses in the positive relay, pre-charged relay 
and load a re shown i n Fig.6 through Fig.8. 
Maximum current through the positive  relay is 18 
kA and the maximum arc power is 2.68 kW which 
is very high, as shown in  Fig.6. Maxi mum current 
through the pre-charge relay is 6.3 3A, and the 
maximum arc power is 8 00 W with a surge during 
the shut-off as illustrated in Fig.7. 

 

 

Fig.6 Response in the positive relay by conventional 
control 

 

 

Fig.7 Response in the pre-charge relay by 
conventional control 
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Fig.8 Response to load by conventional control 
 
 
4.2 Proposed System 
The simulated proposed sy stem that u ses IGBT to 
limit inrush current is shown in Fig.9. The profile of 
the IGBT gate voltage geV is shown in Fig.10.  

With load connected, the maximum current 
through the positive re lay is 18.97A and the  
maximum arc power is about 0. 45W as shown in  
Fig.11. Load current and voltage profiles are shown 
in Fig.12. The load current  rises to 22.53 A, when 
the positive relay starts and stops. 

 

 

Fig.9 Pre/Post charge control by IGBT 
 

 

Fig.10 Gate voltage response of the IGBT 

 

 

Fig.11 Response in the positive relay by IGBT 
control 

 

 

Fig.12 Response to load by IGBT control 
 
 
4.3 Experimental Setup and Test Result 
This section presents t est results of t he proposed 
system prototype. The pr ototype was built using 
IGBT number GT60M303 which has a maximum 
current of 60A, the saturation vol tage cesV  of 900V 
and, the gate voltage gesV  of  25V, is used [6], 50V 
DC power suppl y, 30,000 uF load ca pacitance, 12
  load resistance   and 1H load inductance. Our 
circuit are compose of optocoupler number TLP251 
[7], 1R  of 9.4 k  ,  2R  and 3R  of 10 k  ,  1C  and 
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2C  of 470  F, 1V  , 2V and 3V of 15 VDC. The buil t 
prototype is shown in Fi g.13.  A co ntrolled geV  
voltage used to control IGBT transistor is shown in  
Fig.14. Load current and voltage profiles are shown 
in Fig.15 fr om which it can be seen that, load 
current gradually increases when the  system is 
turned ON, and gradually  decreases when the 
system is turned OFF, without any surge. Thus , 
electric arc across relay contacts is eliminated. The  
oscilloscope could not  be used to measure the 
voltage across the relay contact because the probes 
would get very hot and melt. 
 
 

 
 

Fig.13 Control system 
 

 

 
 

Fig.14 Gate voltage to control the IGBT 

 
 

Fig.15 Response to the load by implementation 
 
 

5 Conclusion 
The paper presents a solution to the relay  contacts 
arc problem in electric vehicles by using IGBT to 
limit inrush current when turni ng ON and OFF a  
system. Simulated in MATLAB/Si mulink, the 
proposed system was found t o give satisfactory 
results compared to the conventional  system that 
uses a pre-charge relay in serie s with a resistor. A 
prototype of the propose d system was built and 
tested, the tested results  also showed that the 
proposed system gives satisfactory results. 
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