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In this paper, operation algorithms for a parallel HEV equipped with a relatively small motor 

are investigated. For the HEV, the power assist and the equivalent fuel algorithms are proposed. 

In the power assist algorithm, an electric motor is used to assist the engine which provides the 

primary power source. In the equivalent fuel algorithm, the electric energy stored in the battery 

is considered to be an equivalent fuel, and an equivalent brake specific fuel consumption for the 

electric energy is proposed. From the equivalent fuel algorithm, distribution of the engine power 

and the motor power is determined to minimize the fuel consumption for a given battery state 

of charge (SOC) and a required vehicle power. It is found from the simulation results that the 

fuel economy and the final battery SOC depend on the motor discharge energy and it is the best 

way to charge the battery only by the regenerative braking, not by the engine to improve the 

overall fuel efficiency of the HEV with the relatively small motor. 
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1. Introduct ion  

Growing environmental and economic con- 

cerns have led to recent effort to produce more 

fuel efficient and lower emission vehicles. Gener- 

al technical measures towards increased fuel 

economy and emission reduction such as lowering 

weight, reducing air drag and rolling drag co- 
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efficients are essential in conventional as well as 

alternate drivetrains. As alternate drivetrains, 

electric vehicle (EV), Hz/CNG-driven engines, 

hybrid electric vehicle (HEV) and fuel cell vehi- 

cle (FCV) are being examined to meet the legal 

restrictions on the fuel economy and the emission. 

In a comparison of alternate drivetrains, they 

show advantages and disadvantages at different 

criteria. Hydrogen driven cars are limited because 

of non-existent infrastructure. EVs are a niche 

solution because of short range. FCVs are very 

promising in the long term because it will take 

some years to get to large production volumes. In 

short to mid term, HEVs offer the best promise. 

With minimum extra cost they show improve- 
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ments in fuel consumption and emission (Mueller 

et. al., 2000). 

A HEV has two or more sources of on-board 

power. A power control strategy is needed to 

control the flow of power while taking into ac- 

count reserves of energy in storage devices. There 

are two distinct extremes in the spectrum of con- 

trol strategy (Anderson et. al., 1995). One is a 

system that uses a "'thermostat" algorithm to com- 

mand the engine. In this mode, the battery must 

accommodate to all the transient power require- 

ments. The other extreme commands the engine to 

follow the actual wheel power whenever possible, 

which is similar to a conventional automobile. 

Using this strategy, the engine must operate over 

its entire range of power levels. For HEVs. fuel 

consumption and emissions depend on the way 

that the electrical energy stored in the batteries is 

substituted to the chemical energy of fuel. There- 

fore, HEV control strategy can be constructed 

according to the depth of discharge of the bat- 

teries from the viewpoint of the battery energy 

management. But other parameters such as engine 

temperature are also taken into account to define 

the best strategy (Trigui et. al., 2003). For most of 

the engines and the batteries under consideration, 

neither of these strategies would be the optimum 

strategy. The optimum strategy is highly depen- 

dent on the characteristics of the powertrain 

components and the planned use of the vehicle. 

In this paper, operation algorithms for a single 

shaft parallel HEV are evaluated for the mini- 

mum fuel consumption. Power assist and equiva- 

lent fuel algorithms are proposed and dynamic 

models of the HEV powertrain are derived to 

evaluate the algorithms. Using the HEV simula- 

tor, performance of the HEV is investigated by 

considering the regenerative braking. 

2. H E V  Operation Algorithm 

Figure 1 shows a schematic diagram of the 

parallel HEV used in this study. Engine is con- 

nected with a motor by a single shaft. Although 

the rotational speed of the motor is equal to the 

engine speed, the engine and the motor torques 

remain independent. One clutch is used between 

Controller 

Fig. 1 Schematic diagram of parallel HEV 

the motor and the transmission. As a transmissi- 

on, a metal belt CVT is used to maintain the 

engine operation on the minimum fuel consump- 

tion region independent of the vehicle speed. The 

HEV used in this study adopts a front-wheel 

drive. 10 kW electric motor and Ni-MH batteries 

are mounted. Since the electric motor size is 

relatively small, the basic control strategy of the 

HEV in Fig. I should be "electric-assisted". In 

this study, two control strategies are proposed 

and evaluated for the HEV in Fig. 1. 

2.1 Power assist algorithm 
Power assist algorithm is basically equal to the 

electric-assisted control strategy. In the power 

assist algorithm, the motor is used to assist the 

engine in the acceleration mode or hill climbing 

while the engine is used as a primary power 

source. The electric motor and batteries are also 

available to capture regenerative braking from 

decelerations. 

In the power assist algorithm used in this study, 

the drive mode is divided into initial engine cran- 

king, idle and creep, acceleration, normal, dec- 

eleration, engine off and engine cranking mode. 

The power assist of the electric motor is adapted 

in acceleration mode when the HEV requires high 

power. In the normal mode where the vehicle runs 

in a slight acceleration or deceleration, the engine 

propels the vehicle since the required power is not 

large, When the vehicle runs in a slight decelera- 

tion, the regenerative braking is performed to 

recuperate the battery state of charge (SOC). 

The required vehicle power is calculated corre- 

sponding to the drive pedal opening. For a given 
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Fig. 2, Control strategy tbr power assist algorithm 

vehicle power, the motor assist power is deter- 

mined by considering the battery SOC. The rest of 

the required power is delivered by the engine. The 

control strategy of the power assist algorithm can 

be explained as follows. In Fig. 2, the control 

target is to move the engine operation point from 

P= to Pz by the power assist of the electric motor. 

The motor generates the power Pm_aaa to assist the 

engine while the engine operation is carried out 

on the optimal operation line (OOL) by the CVT 

ratio control. The motor assist power Pmaaa is 

determined by considering the weight factor as 

P~_~dd= Pm,~ X fac~owr (1) 

facmoto~ =facvetocit, × facto (2) 

where/°max is the motor maximum power, facmotor 

is the weight factor of the motor, facvewcity is the 

weight factor which depends on the velocity, 

f a c ~  is the weight factor which depends on the 

drive pedal opening, Ap. 

In the braking mode, the regenerative braking 

is carried out. 

2.2 Equivalent fuel algorithm 
The equivalent fuel algorithm assumes that the 

electric power flowing to/from the motor can be 

represented as an equivalent fuel (Kim et. al., 

1999). In Fig. 3, power flow of the HEV is shown 

for charge and discharge. From Fig. 3, the re- 

quired power Preq is represented as 

Preq=P~-Pm at charge (3) 

P~eq = Pe +Pm at discharge, ~4) 

where Pe is the engine power, Pr~ is the motor 
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Fig. 3 Power llow of HEV 

power. The fuel consumption of the engine, F¢ is 

F~=bsfc  × Pe (5) 

where bsfe is the brake specific fuel consumption. 

Assuming that the battery is charged by the en- 

gine, the equivalent fuel flowing to the battery 

through the motor can be represented as 

Free = Y]mcZ]bc × bsfc X Pm (6) 

where Fmc is the equivalent fuel of the motor, r/,,,c 

and r/be are the charge efficiency of the motor and 

the battery, respectively. 

From Eqs. (3), (5) and (6), the net fuel con- 

sumption at charge, Fc is obtained as 

F c = F e -  Fmc=bsfc X P e -  rl~cZ]beXbsfc × P= (7) 

At discharge, the equivalent fuel flowing from the 

motor is represented as 

Fma x Z]r~a × r]ba=ebsfc X P~ (8) 

where fma is the equivalent fuel of the motor at 

discharge, Zlma and r/ha are the motor and the 

battery efficiency, respectively, ebsfc is the motor 

equivalent brake specific fuel consumption. 

Since tile electric energy discharged by the 

motor is the energy stored by the engine, the ebsfc 

of the motor at discharge can be assumed as 

ebsfc = bsfcat charge X Zlm_charge X rib _charge (9) 

where bsfcat~harge is the engine bsfc at the 

moment of charge, zlm charge and l ]beharg  e are the 

motor and the battery efficiency at the moment of 

charge. 

The equivalent fuel algorithm is focused on 

determining the optimal power distribution of 

the engine and the motor to achieve the minimum 

fuel consumption for various levels of the vehicle 

power and the battery SOC. Now, we need to 

obtain ebsfc of the motor at every moment. 

In the previous study (Kim et. al., 1999). ebsfc 
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was calculated as an average of the stored energy 

which is charged by the engine. This, however, 

requires predetermined information on the am- 

ount of charge and efficiencies of the motor and 

battery at every moment for unknown driving 

cycles, which seems to be almost impossible. In 

order to handle this problem, a weight function of 

SOC, which is inversely proportional to the SOC 

was introduced in obtaining the minimum opera- 

tional cost of the HEV (Choi et. al., 2002). In this 

study, it is assumed that the efficiencies of the 

battery and motor are constant at the moment of 

charge, and the battery charge is carried out in the 

low bsfc region of the engine on the OOL. This 

assumption is reasonable since nobody wants to 

operate the engine on the high bsfc region when 

charging the battery from the viewpoint of global 

efficiency of the HEV. In addition, if the battery 

SOC does not change much and remains within a 

certain bound, the charge and discharge effici- 

encies can be assumed to be constant. In Fig. 4, 

the operation region at charge is shown, which is 

selected between the power Pupper and PJower on 

the OOL. The engine bsfc at charge is determined 

as an average of the bsfcs in the selected operation 

region. 

From Eqs. (4), (5) and (8), the net fuel con- 

sumption at discharge can be obtained. 

Fa:Fe+Fmd:bSfc×Pe+ ebsfc ×P,n (10) 
~md~bd 

From the assumption that the efficiencies of the 

motor and battery at charge are equal to those at 

discharge, the equivalent fuel consumption can 
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be represented as 

EFC=a×bsfc+zlmzlb(l+a)bsfc at charge (I 1) 

(I-a) 
EFC=a×bsfc+ ebsfc at discharge (12) 

~7,,r/b 

where EFC is the equivalent fuel consumption, a 

is the ratio of the motor power to the required 

vehicle power, which is defined as 

Pe (13) 
Of= Preq 

For a non plug-in type HEV, the battery SOC 

should be maintained above some level after 

running a given driving cycle. The battery SOC 

depends on the amount of motor discharge ener- 

gy, engine charge energy, and the regenerative 

braking energy. In order to maintain the battery 

SOC, the motor discharge needs to be controlled. 

This can be achieved by introducing a weight 

function to the EFC as 

EFC=a×bsfc+(l-al ebsfc×7(SOC) at discharge (14) 
~],Tlb 

where F(SOC) is the weight function for the 

battery SOC, which is defined 

r(SOC)=I-(SOC-SOC~it~,) (15) 

By introducing the weight function, y(SOC),  the 

amount of motor discharge can be controlled. For 

instance, when the battery SOC becomes low, 

EFC at discharge becomes large, which limits the 

application of the motor since it is inefficient to 

use the motor when the ebsfc is high. On the 

contrary, when the battery SOC becomes high, 

EFC becomes small, which promotes the appli- 

cation of the motor. Similar motor operation can 

be achieved by introducing an exponential form 

of ebsfc which is a function of the battery SOC 

(Cho et. al., 2001). 

Using Eqs. (11), (14), the optimal distribution 

of the engine and the motor power can be deter- 

mined, which minimizes the equivalent fuel con- 

sumption for various levels of the battery SOCs. 

Fig. 5 shows the optimal distribution of the motor 

and the engine power with respect to the demand- 

ed vehicle power for battery SOC 40--60~o. As 

shown in Fig. 5, for the vehicle power under 10 

kW, it is better to use only the engine for the all 
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battery SOC levels from the viewpoint of fuel 

economy. As the battery SOC increases, the por- 

tion of motor power increases since the equivalent 

fuel consumption becomes smaller from Eq. (14) 

and Eq. (15). In actual driving, the distribution 

of the engine and the motor power is carried out 

according to the drive pedal opening and look-up 

table based on Fig. 5. 

3. HEV Simulator 

Analyzing and comparing the operation algo- 

rithms and performance of the HEV requires a 

powertrain simulation model. Modeling of HEV 

powertrain is performed using MATLAB SIM- 

ULINK. In simulink model each part of the 

powertrain is separately modeled and can easily 

be connected with other parts. 

E n g i n e :  Since the engine and the motor is 

connected, state equation of the engine is ex- 

pressed as 

( J e + J m ) ~ t ~ = T e +  rm-Ttoss -Tne t  (16) 

where Je, Jm are the engine and the motor inertia, 

respectively, We is the engine speed, Ze is engine 

torque, T,n is motor torque, T~oss is the auxiliary 

device torque loss, Znet i5 the CVT input torque. 

Bat tery:  In this study, the input and output 

current of the battery and the SOC are cal- 

culated using the battery internal resistance 

(Szumanowski et. al., 2000). The internal resist- 

ante were obtained from the experiments with 

respect to the battery SOC. The battery voltage is 

represented as 

U a = E -  iaR," at discharge (17) 

Ua=E+i~Ri  at charge (18) 

where Ua is the voltage, E is the electromotive 

force, ia is the current, R, is the internal resist- 

ance. The battery SOC is directly related with the 

battery capacity, which is defined as 

Q,(ia. t. r)--Qr(r ,  i~)-  i~(t)dt (19) 

where Qu is the temporary usable capacity which 

is a function of the current ia, temperature t, 

and time r. Qr is the accumulator's capacity. The 

integral term in Eq. (19) is the usable charge, 

which has been drawn from the accumulator. 

Motor  : The motor torque is determined as the 

smaller torque by comparing the target motor 

torque which is calculated from the power distri- 

bution by the power assist or equivalent fuel 

algorithm and the maximum motor torque avail- 

able at the present motor speed. Using the motor 

torque and the speed, the motor efficiency is 

determined from the efficiency map. Once the 

required battery power to drive the motor is 

obtained, the voltage and current of the battery 

are obtained from the battery model. 

CVT : The CVT ratio needs to be controlled to 

move the engine operation point on the optimal 

operation line (OOL) for the best fuel economy. 

The desired CVT ratio ia is defined as 

RtWd 
id= NdV (20) 

where we is the desired engine speed which can 

be obtained as a point where the OOL and the 

throttle valve opening curve cross each other 

(Kim et. al., 2000). 

4. Simulation Results  

In the simulation, the initial condition of the 

battery SOC is assumed to be 50%. In Table l, 

vehicle parameters used in the simulation are 

shown. 
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Table I Vehicle data 

Engine 

Motor 
(BLDC) 

Stroke volume 
Maximum torque 

Peak power 
Rated speed 
Continuous power 
Maximum torque 

Battery 
(Ni-MH) Total power 

CTT gear ratio range 
CVT 

Final reduction gear ratio 

Vehicle 
Vehicle mass 
Tire radius 

1600 cc 
140 Nm 

10 kW 
2000 rpm 

5kW 
50 Nm 

12 kW 

0.455~2.47 
5.763 

1375 kg 
0.279 m 
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Simulation results for power assist algorithm 

In Fig. 6, simulation results are shown for 

0--400 seconds of FUDS cycle by the power 

assist algorithm. The vehicle velocity (a) follows 

closely the driving mode. The engine speed /b) is 

controlled by the CVT ratio control (c). Since the 

idle-stop strategy is adopted for the HEV, the 

engine speed remains zero during the vehicle stop. 

As shown on the engine operation trajectory (d). 

most of the engine operation is performed near 

the OOL. The motor torque (e) shows a positive 

value when the motor is used to propel the vehicle 

and shows a negative value during the regenera- 

tive braking. The battery SOC (f) decreases from 

the initial SOC, 50% while the motor assists the 

engine in the acceleration mode and increases 

during the regenerative braking. The battery SOC 

changes around the initial value, 50~o since the 

weight factor of the motor discharge was selected 

to maintain the battery SOC. 

In Fig. 7, simulation results for the equivalent 

fuel algorithm are shown. The vehicle velocity 

(a) follows the drive mode closely. The engine 

speed (b) and the CVT ratio (c) show almost 

similar response compared with those of the 

power assist algorithm. As shown in the engine 

operation trajectory (d), most of the engine op- 

eration is limited below 2500 rpm, while the en- 

gine operation by the power assist algorithm 

reaches more than 3000rpm. Correspondingly, 

the motor needs to be discharged to assist the 

engine. Theretbre, it is seen from (e) that the 

motor is applied more frequently compared with 

those by the power assist algorithm (Fig. 6(e)).  

As the frequency of the motor discharge increases, 

the battery SOC (f) decreases, but the battery 

SOC level has been recovered after the regenera- 

tive braking. 

In Fig. 8, the fuel economy, final battery SOC 

level, motor discharge energy, engine charge en- 

ergy and regenerative braking energy are com- 

pared tbr the power assist and equivalent fuel 

algorithm. In this comparison, the fuel economy 

by the power assist algorithm and the initial SOC 

value are used lbr the reference. These simulation 

results are obtained for FUDS cycle. 

It is seen from Fig, 8 that the fuel economy and 

the final battery SOC level by the power assist 

algorithm are almost similar with those by the 

equivalent fuel algorithm within 2.%o bound since 

the amount of motor usage is almost same for 

both algorithms in spite of the different way of 
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Fig. 8 Comparison of HEV performance 

the motor application. It is also noted that for 

both algorithms, the battery charge is carried out 

only by the regenerative braking, not by the 

engine since the energy recuperation by the 

regenerative braking is more efficient way to save 

the fuel consumption compared to the energy 

storage by the engine. Therefore, it is expected 

that the best way to increase the fuel economy for 

the HEV with relatively small motor is to maxi- 

mize the recuperation energy by the regenerative 

braking. 

5. Conclusion 

The power assist and equivalent fuel algorithm 

are proposed for a parallel HEV equipped with 

relatively small motor. In the power assist algo- 

rithm, the electric motor is used to assist the 

engine which provides the primary power source. 

In the equivalent fuel algorithm, the electric ener- 

gy stored in the battery is considered to be an 

equivalent fuel. To calculate the equivalent fuel, 

an equivalent brake specific fuel consumption for 

the electric energy is proposed, and a weight 
factor is introduced to maintain the battery SOC 

level. From the equivalent fuel algorithm, distri- 

bution of the engine and the motor power is 

determined which minimizes the fuel consump- 
tion tbr a given battery SOC and a required 

vehicle power. In order to evaluate the perform- 

ance of the operation algorithms suggested, a 

HEV performance simulator is developed using 

MATLAB SIMULINK. It is found from the 

simulation results that the fuel economy and the 

final battery SOC depend on the motor discharge 

energy and it is the best way to maximize the 

recuperation energy by the regenerative braking 

to increase the fuel economy for the HEV with the 

relatively small motor. 
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