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Abstract –This paper designs the high-efficiency and the low-cost drive system of the small-
size electric vehicles (EVs). The power circuit for driving the dc motor is designed by 
considering both the cost and efficiency. In order to reduce the conduction loss of MOTFET 
and diode for controlling an armature voltage, some MOSFETs and diodes at the armature are 
in parallel connection. An operating sequence for both the field current and the armature 
voltage according to the accelerator pedal angle is suggested for changing smoothly the 
rotating direction of dc motor. Through the simulation studies, the performances of the 
proposed methods are verified. 
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1. Introduction 
 

Recently, because environmental pollution and the energy 

crisis are rising globally, electric vehicles (EVs) are 

promising instead of traditional gasoline vehicles. As the 

EVs are driven by electricity stored in a battery, they still 

suffer from the main problem as short driving range due to 

the low energy content of the batteries. As how to use the 

battery’s energy efficiently is a hot issue for developing EVs, 

it is important to design the drive system of a traction motor 

with high efficiency.    

Selection of traction motors for propulsion system is very 

important step that requires special attention. In fact, the 

choice of electric-propulsion systems for EVs mostly 

depends on three factors: efficiency, cost, and reliability. In 

an industrial point of view, the major types of electric motors 

adapted or under serious consideration for EVs include the dc 

motor, an induction motor (IM), and brushless DC (BLDC) 

motor. The BLDC motor has been widely used in the EVs, 

because it provides high power density, and has higher 

efficiency than induction motor [1]-[3]. By the way, in order 

to drive the BLDC motor, the 3-phase PWM inverter and 

complex control system are required [4]. Recently, the price 

of PM has been dramatically raised. They cause the increase 

of the manufacturing cost of the EVs.  

The small-size EVs such as the golf car and scooters 

require the simple propulsion system in order to reduce the 

manufacturing cost. Although a brushed dc motor has some 

problems such as requirement of maintaining both the brush 

and commutation, it has some advantages like a simple drive 

system and high starting torque. Thus, the dc motor as the 

traction motor is more suitable at the low cost small-size EVs 

[5]. 

In this paper, the power circuit for driving the dc motors is 

designed by considering both the cost and efficiency. In order 

to reduce the conduction loss of MOTFET and diode for 

controlling an armature voltage, some MOSFETs and diodes 

at the armature are in parallel connection. An algorithm to 

change smoothly the rotating direction of the motor is 

suggested. In order to verify the performances of proposed 

methods, some simulation studies are carried out.  

 

2. Drive circuit of dc motor 
 

The power circuit for driving the dc motors is designed by 

considering both the cost and efficiency. The rating of dc 

motor is as follow. 

 

· Output power: 3.8 [kW] 

· Armature voltage, Va: 48 [V] 

· Armature current, Ia: 100 [A] 

· Field current, If : 10 [A]  

 

As the battery is used as the dc source, the dc input voltage 

is 48V, which is the battery voltage.  Therefore, the rated 

armature current is very high in order to produce the required 

output power. The dc motor as the traction motor of the EVs 

must rotate at the forward/reverse directions. 
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In order to satisfy this requirement, the general method is 

to change the polarity of armature voltage by using an H-

bridge type circuit as shown in Fig. 1. Although it is easy to 

change the rotating direction of motor by changing the 

polarity of the armature voltage, the four switching devices 

with high current capacity in the H-bridge circuit are required. 

It increases the cost of the drive circuit, and decreases the 

efficiency by large conduction losses of switching devices. 

 

 

Fig. 1. Traditional drive circuit of dc motor. 

 

Fig. 2 shows the drive circuit used at the paper. The 

armature voltage is controlled by the buck converter 

consisting of one MOSFET and diode, and the H-bridge type 

circuit is used to control the field current and also change the 

flowing direction of the current for changing the 

forward/reverse directions of motor.  As the current 

capacity of the four MOSFETs of the H-bridge circuit is 

much low, the cost of the drive circuit can be reduced. 

 

 

Fig. 2. Drive circuit of dc motor for traction. 

 
 

3. Reduction of losses of switching devices  
 

3.1 Reduction of conduction loss of switching device  

 
In order to reduce the conduction losses of both MOSFET 

and diode at the buck converter for controlling an armature 

voltage, some MOSFETs and diodes are in the parallel 

connection. When the n MOSFETs are connected in parallel, 

the equivalent resistance of all MOSFETs becomes (rds(on)/n), 

where rds(on) is an equivalent resistance between drain and 

source when MOSFET is in the conduction state. The total 

conduction loss of all MOSFETs of the buck converter PCF 

can be derived as [6],[7] 

 

( )2.( )
ds on

CF a

r
P I

n
=                 (1) 

 

,where Ia is the armature current. The conduction loss is 

dependent on the number of MOSFETs connected in parallel.  

  

 

Fig. 3. Conduction loss with a variation of number of  

MOSFETs in parallel connection. 

  

 
Fig. 4. Experimental result of conduction loss of  

MOSFETs at Ia = 50A, n = 5. 

 

Fig. 3 shows the plots of the conduction loss of all 

MOSFETs with a variation of n under various armature 

currents at rds(on)=16.5mΩ. As the n is increased, the 

conduction loss of MOSFETs is significantly reduced. By 

considering both the conduction losses from Fig. 3 and the 

cost, the number of MOSFETs in parallel connection is 

determined on five. Thus, the conduction loss of MOSFETs 

can be reduced to about 30W when the armature current is 

100A. Fig. 4 shows experiment results of conduction loss of 
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the MOSFETs obtained by multiplying VDS by ID at n = 5, Ia 

= 50A, where the conduction loss can be decreased to about 

7.5W. 

Assuming that the m diodes are connected in the parallel, 

the armature current is shared with m diodes. A forward 

voltage drop of the diode is slightly decreased as decreasing a 

forward diode current. Because the current of each diode 

becomes (Ia/m), the forward voltage of a diode can be 

decreased. The total conduction loss of all diodes PCD can be 

calculated from multiplying the forward voltage dependent 

on one diode current by the armature current. 

 

( / ).CD F a aP V I m I=                 (2) 

 

 

Fig. 5. Conduction loss with a variation of number of  

diode in parallel. 

 

 

Fig. 6. Experimental result of conduction loss of diodes at  

Ia = 20A, m = 4. 

 

Fig. 5 shows the plots of the conduction losses of all 

diodes of the buck converter with a variation of m under 

various armature currents. As the m is increased to five, the 

conduction loss can be reduced to 10%~ 20%. In this paper, 

m is determined as four, and the conduction loss of diodes 

can be reduced to about 3W when the diode current is 20A. 

Fig. 6 shows experiment results of conduction loss of the 

diodes obtained by multiplying VD by ID at Ia = 20A. 

The total conduction loss of the buck converter which 

consists of five MOSFETs and four diodes, is expressed as 

 

( )2.( ). ( ). .(1 )
5 4

ds on a
C a F a

r I
P I d V I d= + -         (3) 

 

,where d is a duty cycle of the buck converter.  Fig 7 shows 

plots of the conduction losses at Ia = 50A when the duty 

cycle d is variation form 0.5 to 1. Because the conduction 

loss of the diodes is greater than that of the MOSFETs, the 

total conduction loss is 30W at d=0.5. As a duty cycle 

increases, the total conduction loss is reduced to 8W. 

 

 
 

Fig. 7. Conduction losses with a variation of duty cycle at 

Ia = 50A. 

. 
3.2 Switching loss of MOSFET 

 

The switching loss of all MOSFETs of the buck converter 

can be derived as 

 

21
. . .( ). . . .

2
SF DS D on off s DSS DS sP V I t t f n C V f= + +      (4) 

            

where toff is the turn-off time, ton is the turn-on time, fs is 

switching frequency, CDSS is drain-source capacitance of the 

MOSFET.   

Fig. 8 shows the waveform of VDS, ID and switching loss at 

the turn-off and turn-on states at VDS = 48V, Ia = 50A, toff  = 

800[ns], ton = 120ns, fs = 5kHz, respectively. The switching 

loss is much lower than the conduction loss. 
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(a) 

 

 
(b) 

 
Fig. 8. Switching loss of MOSFET : (a) at turn-off state, 

(b) at turn-on state. 

 

4. Control scheme of DC Motor 
 

4.1 Control algorithm 

 

The H-bridge type circuit is used to control the field 

current and also change the flowing direction of the current 

in order to reduce the cost of the power circuit. A rotating 

direction can be changed by changing a flowing direction of 

the field current. Before changing the rotating direction of 

motor, the field current as well as the motor speed should be 

gradually decreased to zero. However, as a motor speed is 

inversely proportional to the field current (flux), the motor 

speed increases rapidly to infinite when the field current 

approaches to 0A while the armature voltage remains 

constant.. 

In order to change smoothly the rotating direction of dc 

motor, an operating sequence for both the field current and 

the armature voltage according to the accelerator pedal angle 

is proposed.  Fig. 9 shows the operating pattern of the field 

current and motor speed according to the angle of accelerator 

pedal. Until the angle of an accelerator pedal reaches 10% 

relative to the maximum angle, the field current is kept to 

10% relative to the rate current while the dc motor speed 

remains zero. When the angle approaches to 30%, the field 

current goes rapidly to its rated value for generating the rated 

flux. The motor speed increases slowly, and goes to its rated 

speed at 100% pedal angle. 

 
Fig. 9. Operating pattern for the field current and motor  

speed according to the pedal angle. 

 

4.2 Simulation result 

 

The simulation results are carried out to verify the 

performance for two different operating patterns when the 

rotating direction of motor is reversed.  Fig. 10(a) shows the 

transient responses of the field current, armature voltage and 

current, the desired speed, and motor speed, when the field 

current goes to its rated value at 30% pedal angle and then 

the motor speed approaches to 80% relative to a rated speed 

at 50% pedal angle. Fig. 10(b) shows the same responses, 

when the field current goes to its rated value and the motor 

speed reaches to 80% at 60% pedal angle. It can be seen that 

the rotating direction of motor is smoothly changed, and the 

motor speed wr is nearly the same as the desired speed wr
*.  

 

5. Conclusion 
 

A high-efficiency and low-cost drive system of the small-

size EVs driven by the brushed dc motor was designed. The 

H-bridge type converter for field current control and .the 

simple buck converter for armature current control were used 

for reducing the cost of drive circuit. The conduction loss of 

the buck converter for controlling the armature voltage can 

be reduced by less than 50% through the parallel connection 

of five MOSFETs and four diodes. The rotating direction of 

the dc motor was smoothly changed, when the proposed 

operating sequence for both the field current and the 

armature voltage was applied. 
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(a) 

 

 
 (b) 

Fig. 10. Simulation results for two operating patterns at the  

rotation direction change. 
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