
 

  

ABSTRACT 
In this paper, 48V MHEV vehicle with P0 + P4 
structure is studied. In the previous paper, the best fuel 
economy was obtained when the energy obtained by 
regenerative braking was used only for EV driving. In 
an actual driving environment, a power generating 
function by an engine is essential. Therefore, not only 
regenerative braking energy but also additional energy 
from power generation is used for EV travel. Finally, 
the fuel economy is evaluated according to the amount 
of generating energy and control tendency of generating. 

Keywords: Mild hybrid electric vehicle(MHEV), Fuel 
economy, Generating energy 

1. INTRODUCTION
 In the previous paper, various fuel economy 
comparisons of 48V MHEV of P0+P4 structure were 
studied. The best fuel economy was achieved when all 
the electrical energy from regenerative braking was 
used to EV driving from the same motor specifications. 
(S, HA. 2017). Also, when the ratio of two motor power 
is different, the BSG only has power to start the engine 
and the higher the power of the Rear-Axle motor, the 
better fuel economy. Because the EV operating area is 
wider and regenerative braking energy is high. (S, HA. 
2018). 
In the actual driving environment, control is not easy to 
use regenerative braking energy only for EV driving. In 
fact, the vehicle is not driven in a defined scenario (ex: 
FTP 75 cycle). And there is additional electricity 
consumption, such as the use of air conditioners. 
Therefore, power generating functions using engines 
and BSG are essential. In this paper, several control 
methods of generating are divided to define simulation 
cases. The effect of generating on fuel economy is 
analyzed by comparing generating energy quantity and 
efficiency for each simulation case. 

2. 48V MHEV SYSTEM MODELING
In this paper, 48V MHEV with P0 + P4 structure is 
modeled as shown in Figure 1. The models of the 
engine, LDC and 48 V battery applied the same 

specifications as in the previous paper. And the Rear-
Axle motor was 15kW and the BSG was 5kW(S, HA. 
2018). 

Figure 1: Target Vehicle 

2.1. Engine model 
Table 1 shows the specification of the engine of the 
target vehicle. 

Table 1: Engine specification 
Engine parameter 

Type Inline 4-cylinder 
Fuel type Gasoline 

168.7Maximum torque (Nm)
99.54Maximum power (kW)

Figure 2 represents maximum torque and BSFC(Brake 
Specific Fuel Consumption) at engine torque and speed 
conditions. As shown in Equation (1), the engine model 
outputs the engine output torque determined by the host 
controller (HCU) to the torque value between the 
maximum torque in the throttle maximum open state 
and the engine friction torque in the closed state. 
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Figure 2: Engine maximum torque and BSFC map 

 
2.2. Motor model 
The motors are classified into two types according to 
their mounting positions. The BSG is connected to the 
engine by a belt. The rear-axle motor is connected to the 
rear reduction gear. The specifications of the two 
motors are as shown in Table 2. 
 

Table 2: Electric motor specification 
Electric motor parameter 

Type BSG Rear-axle 
motor 

Max power (kW) 5 15 

Max torque (Nm) 31.8 47.7 

Base Speed 
(RPM) 

1500 3000 

Max Speed 
(RPM) 

16000 12000 

 

 
Figure 3: Max/min torque and Efficiency map  

of Rear-Axle motor 
 
The drive motors mounted on the front and rear wheels 
have the same model structure, and the corresponding 
motor model reflects the motor torque command value 

determined by the HCU in the output. The output torque 
of the motor model is limited to the maximum drive or 
braking torque possible at the current motor speed. The 
torque of the motor is expressed by Equation (2), and 
the power of the motor has a relationship as shown in 
Equation (3). 
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Figure 4: Max/min torque and Efficiency map  

of BSG 
 
2.3. LDC model 
LDC (Low Voltage DC-DC Converter) supplies power 
to a 12V electric field load. The 12V total field load 
power is 217W and the LDC efficiency is 0.95, both of 
which are fixed values. The LDC output power is given 
by Equation (4). 

Load
LDC

LDC

P
P

h
=                                                              (4) 

 

2.4. Battery model 
The 48V battery cell voltage is calculated from the open 
circuit voltage of the battery cell, the cell internal 
resistance, and the current. The temperature is assumed 
to be maintained at 40 ° C, and the internal resistance is 
determined according to the direction of the current and 
the SOC as shown in equation (5). 
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The current of the 48V battery is calculated by the 
equation (6) with the sum of BSG power, rear-axle 
motor power and LDC power divided by the battery 
voltage.  

. .

.

mot bsg mot rear LDC
bat

cell bat cell

P P P
I

N V

+ +
=

×
 (6) 

Nominal voltage is 3.7V, and capacity is 23Ah. 13 
battery cells are connected in series. 

3. SUPERVISORY CONTROL ALGORITHM

Figure 5: Supervisory control algorithm(Power 
distribution(red)/Mode decision(blue) algorithm)  

As shown in the figure 5, the upper control algorithm 
was developed using Simulink, and consists of the 
mode decision algorithm and the power distribution 
algorithm of each mode. Details of driving mode and 
power distribution can be found in previous paper(S, Ha. 
2017). 

4. SIMULATION
4.1. Simulation case 
The simulation case is defined as nine, as shown in 
Table 3. The method of control is divided into Constant 
torque and OOL(Optimal Operating Line) control. And 
they are divided into three generating energy for each. 
In addition, case without control of generating is 
included for fuel economy comparison. 

Table 3: Simulation case by 
Generating control method 

Control method 
: Constant torque 

Control method 
: OOL torque 

No Gen. (A) 
-10 Nm (B) Tool (F) 
-7.5 Nm (C) 0.95 Tool (G) 
-5 Nm (D) 0.9 Tool (H) 

-2.5 Nm (E) 0.85 Tool (I) 

The Constant torque control method uses the BSG to 
generate electricity at a constant torque when the engine 
speed is greater than 800 rpm. The OOL control method 
runs the engine at the OOL torque when the engine 
speed is more than 800 rpm. In the OOL control method, 
run the engine at the OOL torque when the engine speed 

is more than 800 rpm. The BSG generates electricity 
from the driver's demand torque minus the OOL torque. 

4.2. Simulation Result 
The vehicle speed in all simulation cases is not 
significantly different from the speed of FTP75 cycle as 
shown in Figure 6. In Figure 7, SOC simulation results 
for all cases. The Final SOC for all cases is between 
55% and 56%. Therefore, the fuel economy effects of 
the final SOC are ignored. 

Figure 6: Simulation result - Vehicle speed 

Figure 7: Simulation result - SOC of 48V battery  
D 

Table 4: Simulation result - Fuel economy 
Simulation 

case 
Fuel economy 

(km/l) 
Fuel economy 
Improvement 

rate (%) 
A 19.15 0 
B 20.84 8.86 
C 20.62 7.66 
D 20.07 4.79 
E 19.43 1.48 
F 21.73 13.49 
G 21.67 13.17 
H 21.55 12.57 
I 21.27 11.08 

The fuel economy results for each case are shown in 
Table 4. Based on the results of Case A, the fuel 
economy improvement rate of Case B to I was 
calculated. Figure 8 is the engine operating point of 
Case A and is the basis for comparison with other cases. 
Figure 9 is for constant torque control (B to E) and 
Figure 10 is for OOL torque control (F to I). 
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Figure 8: Engine operating point (Case A) 

Figure 9: Engine operating point  (Case B~E) 

Figure 10: Engine operating point  (Case F~I) 

4.3. Analysis of simulation result 
In Table 5, the power generation energy for each 
simulation case was compiled and calculated as shown 
in Equation (7) below. 
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Table 5: Generating energy 
Simulation 

case 
Generating energy 

(kJ) 
A 0 
B 1798 
C 1746 
D 1338 
E 647 
F 1661 
G 1651 
H 1636 
I 1577 

More power generation energy can be obtained from 
cases where power control has been carried out with 
high torque. However, the increase in torque and the 
power generation energy are not directly proportional. 
During EV operation, power generation is not possible 
by turning off the engine and using the BSG. Therefore, 
if the power generation torque is increased, the 48V 
battery can be charged faster and the EV mode can be 
driven more. So the time for BSG to generate electricity 
is reduced. 

Figure 11: Fuel economy and Generating Energy 

Looking at Figure 11, the case of OOL torque control 
(F~I) has a higher fuel economy result than that of 
Constant torque control (B–E). In particular, Case I has 
lower power generation energy but higher fuel economy 
than Case B and C. As Figure 12 shows, case C is 
caused by the engine running at a lower efficiency point 
than I. Figure 12 shows the engine operating points of 
Case E with the lowest fuel economy improvement and 
Case A without power generation control. Engines tend 
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to be less efficient at low torque. The BSG's power 
generation operation increases the operating torque of 
the engine to increase the efficiency of the engine, and 
uses the power generation energy to drive the EV to 
improve fuel economy. 
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Figure 12: Operating point of Case I and C 
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Figure 13: Operating point of Case A and E 

5. CONCLUSION
In this paper, it was confirmed that the fuel economy 
improvement effect can be obtained when EV driven 
with the additional electrical energy obtained through 
the development of BSG in the 48V MHEV of P0+P4 
structure. It is also important to obtain additional 
electrical energy through generating, but it is more 
important to run the engine at a more efficient operating 
point. However, since the 48V MHEV system has 
relatively low power, verification of the application of 
the OOL control in the actual vehicle, not in the 
simulation, is required. 
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