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ABSTRACT In order to solve the problems of high gas consumption and low battery power in hybrid
electric buses, the logic threshold control strategy is optimized by the key technology research of driving
conditions, control strategy, and so on. First, driving condition data of hybrid electric buses are collected
and analyzed, and three typical working conditions are selected. Second, the torque distribution control
strategy is investigated based on the instantaneous optimization algorithm. The objective function of the
instantaneous equivalent fuel consumption is derived. The process of solving the objective function is
attributed to linear programming problem of the nonlinear objective function. The SIMULINK model of
instantaneous torque distribution strategy is established based on equivalent fuel consumption. On this basis,
the SIMULINK model of the function which can be integrated into the vehicle control model is established.
Then, considering the actual driving conditions of the bus, the vehicle control strategy model is established in
the MATLAB/SIMULINK environment, and the vehicle model established by the cruise software. Finally,
the vehicle model is simulated under three representative working conditions. The main contribution of this
paper is the optimized torque distribution control strategy to control hybrid electric bus’s energy distribution
and reduce emissions. The strategy can be obtained by combining the logic threshold torque distribution
control strategy, along with the optimal engine torque and motor torque, which can be obtained by solving
the objective function of instantaneous equivalent fuel consumption. Results show that compared with the
logic threshold value torque distribution control strategy, the energy control strategy of the instantaneous
optimization algorithm can further reduce gas consumption and maintain the state of charge value balance
of the power battery.

INDEX TERMS Parallel hybrid electric bus, driving condition, logic threshold value, instantaneous
optimization, torque distribution control strategy.

NOMENCLATURE Dime_chg Fuel consumption rate of the battery charging
be Instantaneous fuel consumption rate of the engine. at current time of battery charging condition.
be_req Instantaneous required fuel consumption rate of Ecyc_chg The average fuel consumption rate.

the engine. AC Battery capacity at the current control cycle.
Echg Average instantaneous fuel consumption rate of AC,ss_rep  Future compensation power of the battery.

the engine when charging the battery. AC,ss_chg Power battery capacity when charging the
Echg Average fuel consumption rate of the battery battery.

charge in the n control period of the future under DEVsoc  SOC value which deviates from the optimum

the current discharge condition. value.
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Required amount of fuel.

Battery output current.

Objective function of the instantaneous
equivalent fuel consumption.

Number of shift.

Penalty coefficient of SOC.

Instantaneous fuel consumption of the motor.

Instantaneous fuel consumption function
of the engine.

Instantaneous equivalent fuel consumption
functions of the motor.

Instantaneous fuel consumption equivalent
function of the motor.

Action time segments in the joint drive.
Action time segments in the sliding charge.
Action time segments in the brake energy
operation mode.

Driving power.

Engine output power.

Assisted motor power.

Power of motor power generation.

Motor power when charging battery.
Power of the motor power generation.
Battery output power.

Amendment power of the battery energy
consumption under the regenerative braking
mode.

Amendment power of the battery energy
consumption in the sliding mode.

Ratio of motor speed to transmission input
shaft.

Transmission ratio of the main gear reducer
and transmission gear box.

Lower limit value of the SOC.

Best value of the SOC value.

Initial SOC value of power battery.

Upper limit value of the SOC value.

Final SOC value of the power battery.
Battery voltage.

Discharge capacity of the battery within a
certain period of time.

Runtime.

A certain period of time.

Instantaneous torque function of the engine.
Minimum torque value of the engine.
Maximum torque value of the engine.
Instantaneous torque function of the motor.
Instantaneous torque function of the wheel.
Instantaneous speed function of the engine.
Maximum speed value of the engine.
Minimum speed value of the engine.
Instantaneous speed function of the wheel.
Instantaneous speed function of the motor.
Gear-box efficiency.

Work efficiency of the engine.

Working efficiency of the motor.

Nehg  Battery charging efficiency.

ngis  Battery discharge efficiency.

M.  Average efficiency of the motor in the N
control period.

Teng  Average charge efficiency of the battery in the
N control period.

Teng  Average battery charging efficiency.

Ngs  Average battery discharging efficiency.

I. INTRODUCTION

With the aggravation of global warming, shortage of natu-
ral resources and environmental pollution, the promotion of
hybrid electric bus (HEB) has become one of the effective
measures to reduce the energy consumption, relieve the urban
traffic pressure, and improve the urban environment [1]-[3].
In many cities in China, such as Hangzhou and Beijing,
hybrid buses are already on trial run, but their fuel efficiency
rates are not ideal from the actual operating conditions [4].
Due to the irrationality of energy management strategies,
some hybrid electric vehicles have a designed fuel saving
rate of 30%, but it can only reach 10% or even less in actual
operations [5].

Because of its good real-time and easy popularization,
logic threshold control strategy is used to control vehicles.
The formulation of logical rules is usually based on work
characteristic diagrams or expert experience of some com-
ponents [6], [7]. However, due to the restriction of some
objective constraints, the logic based energy management
strategy is not optimal for long time complex vehicle oper-
ations. Besides, the traditional control strategy does not con-
sider actual driving conditions affected by some dynamic
factors [8]. It can only ensure engine working in high effi-
ciency, but does not consider energy loss of the motor or
energy conversion. Through the investigation of the actual
vehicle running status, it is found that the gas consumption
of the HEB is not up to the ideal standard, and the battery
state of charge (SOC) is in a low state. In the mean time,
the maintenance of SOC is not well [9], [10]. SOC is also
called residual power and represents the ratio of the remaining
capacity of a battery over a period of time or a long period of
time to the capacity on a fully charged state [11], [12]. So the
control strategy cannot reach the best efficiency of the whole
powertrain [13]-[15]. Because the optimization ability of the
logical rule control strategy is limited, the research focus
is shifted to energy control strategy based on optimization
algorithm and actual driving cycles [16], [17].

In this paper, the instantaneous optimization algorithm
is used to design the HEB energy control strategy. The
instantaneous optimization control strategy can consider the
equivalent fuel consumption of the engine and battery con-
sumption [18], [19]. According to the current speed and
demand torque, the reasonable distribution of the engine
torque and motor torque can make the equivalent fuel of
engine fuel consumption and the consumption of battery
power reach the minimum instantaneous value. The control
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strategy can also consider the vehicle economy and lim-
itations of emissions by setting up a set of weight
coefficients [20].

Through the analysis of bus driving cycles, three represen-
tative working conditions are selected and the instantaneous
optimal control strategy is used. According to modeling
principles and actual driving conditions, the vehicle control
strategy is designed on the Matlab/Simulink platform. The
vehicle model is established and simulated by cruise soft-
ware [21]. Under the premise of keeping the power, the goal is
to improve the economic performance of the vehicle, further
reduce the gas consumption, maintain the balance of battery
power and develop an exclusive control strategy which is
suitable for the HEB route [22].

In comparison with the existing studies, this work makes
three distinctive contributions:

(1) The objective function of instantaneous equivalent fuel
consumption is established, according to the definition of
instantaneous equivalent fuel consumption and the instanta-
neous optimization algorithm. On this basis, the SIMULINK
model which can be integrated into the vehicle control model
is established.

(2) Three actual driving conditions of the HEB can be
obtained by the statistics, according to the operating data of
hybrid electric buses. In the future, they can be used as vehicle
driving cycles for the HEB simulation.

(3) The optimal engine torque and motor torque can be
obtained by solving the objective function of instantaneous
equivalent fuel consumption at the present moment. Based on
the logic threshold torque distribution control strategy and the
optimal torque of the engine and motor, the optimized torque
distribution control strategy can be designed.

The remainder of this paper is structured as follows:
Section II describes the design of the actual driving con-
ditions. In Section III, based on instantaneous optimization
algorithm, the torque distribution control strategy is presented
and applied to the run of HEBs. Its comparisons with logic
threshold torque distribution control strategy and simulation
result analysis are conducted in Section IV. In Section V,
conclusions and further research topics are presented.

Il. DESIGN OF ACTUAL DRIVING CONDITIONS
According to the characteristics of bus driving conditions, it is

necessary to develop a suitable road test, collect and analyze
the data [23], [24]. The flow chart of the data collection,
collation, and analysis is shown in Fig.1.

A. DATA COLLECTION OF THE ACTUAL DRIVING
CONDITION
The paper selects a hybrid power bus which has the fixed
route. Driving conditions of HEB have certain regularity [25].
The process of collecting data is as follows

Step 1: the experimental vehicle is selected with better
condition.

Step 2: the real driving data is collected by CANOE
data collector, which is the abbreviation of the CAN open
environment. It is a bus development environment developed
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FIGURE 1. Flow chart of driving condition data collection, sorting,
analysis.

by vector company of Germany, and is mainly designed for
the development of automotive buses. The sampling time is
set to 0.01s, and the main data acquisition includes: vehicle
speed, time, acceleration, deceleration, SOC value, the engine
operating point distribution in each stall and so on.

Step 3: the duration of the data collection is a month,
the data collection starts at 6 a.m. and ends at 8 p.m., and
the collected data has 400 hours of the accumulated time and
480 sets of data.

According to the changes of vehicle load, three kinds
of actual driving conditions are analyzed from the col-
lected data. They are divided into light load smooth (aver-
age 15 people), middle load slow heavy traffic (average
30 people) and heavy load congestion (average
60 people) [26]. The average values of the parameters are
shown in Tab.1 under the three load conditions.

B. DATA ANALYSIS OF THE ACTUAL DRIVING CONDITION
According to analysis results of thirty groups, we can see
that the average speed of light load is higher, which can
reach 17km/h. In the case of heavy load condition, the average
speed is only 10km/h. In the running data of a week, the pro-
portion of light load condition is 39%, the proportion of the
middle load condition is about 31%, and the proportion of the
heavy load condition is 30%. And heavy load conditions are
mainly in the morning and evening.

Actual operating characteristic parameters of three condi-
tions of HEB are shown in Table 1. Statistical analysis can
get curves that the actual operating speed of the vehicle can
change with time under three conditions, including the light
load, middle load and heavy load, see Fig. 2, 3 and 4.

The current driving state can be obtained by characteristic
parameters of the Table 1 and speed curves under different
conditions. Based on these typical conditions, the optimal
energy control strategy is simulated.

Ill. TORQUE DISTRIBUTION CONTROL STRATEGY BASED

ON INSTANTANEOUS OPTIMIZATION ALGORITHM
Among control strategies of hybrid electric vehicles,

the adopted instantaneous optimization algorithm is used
to optimize the output torque of the engine and the motor,
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TABLE 1. Actual operating characteristic parameter of HEBs.

Average . Average Average Max demand
Condition ManSp ced/ Speed/ W.O rk;ng 'ldle/ acceleration deceleration power/
m (km/h) tme/s - time/s /(m.s"2) (m.s2) KW
Light load 54.3 16.9 1897 97 0.362 -0.342 118
Middle load 50.9 12.4 2630 267 0.317 -0.257 101
Heavy load 48.3 9.57 3678 500 0.339 -0.223 144
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50
50 45
=40 40
= = 35
30
< | £ 30 T
gzo‘ I o 25 I 11 M il
“ i 20 I | ‘ “
10 mer | »n 15 | ‘
! |
I J I 10 ‘ | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000 5 | | il ! “
Time (S) ‘ AL LA I ‘ |
0 0 1 2 3 4 5 6 7 8
FIGURE 2. Speed change curve under the light load condition. .
Time (S) %x10°
Middle load speed-time journey FIGURE 4. Speed change curve under the heavy load.
60
Free energy Penalty coefficient
50 correction of SOC value
Battery disch:
= 40 attety cischarge Instantaneous fuel Instantaneous
= conditionat = ) .
g . consumption of the | | fuel consumption
30 present time . . .
=z ‘ - electric machine of the engine
< i 1 Battery charging =
i 20 ! ‘ conditior} at iL JL
) | ‘ present time Instantaneous equivalent fuel
10, ‘ | ‘ consumption of HEBs
0 | \‘ JL
0 | ) 3 4 5 6 | Objeai\@ function |
Time (S) %103

FIGURE 3. Speed change curve under the middle load.

so that fuel consumption of the power assembly is
minimized at each moment [27]. Generally, the objective
function of instantaneous equivalent fuel consumption is
established. Then, the minimum value of the objective func-
tion is obtained. Finally, the output torque of engine and
motor is obtained [28]. Based on the above concepts, the pro-
cess of this study is shown in the Fig. 5.

A. OBJECTIVE FUNCTION OF THE INSTANTANEOUS
EQUIVALENT FUEL CONSUMPTION

The instantaneous optimization algorithm is the instanta-
neous optimized output torque of the engine and motor so that
each moment fuel consumption of vehicle power assembly
can reach the minimum value[29], [30]. The instantaneous
equivalent fuel consumption is described by the objective
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TABLE 2. Basic parameters of HEBs.

Component Descriptions
Product model: CA6SE1-21E3N
Engine Rated power / rated speed: 158kW/2300rpm
Maximum torque: 700nm/1400rpm
Peak / rated power (kW): 90/30
Electric Peak / rated speed (RPM): 6000/3600
machine Peak torque (nm): 220
Rated efficiency (%): 89
Battery Lithium titanate, capacity: 40 [Ah], voltage:336 [V]
Vehicle Length: 12 [m], empty mass: 18000 [kg]
7,0, @) 9

2 o T, (o, ()

1

7.0 %EI_I )
“: —— Battery ]

1.Main retarder 2.AMT 3. Torque coupler 4.Clutch

5. Engine

6.Electric machinery 7. Inverter 8.Battery 9. Wheel

FIGURE 6. HEB structure diagram.

B. INSTANTANEOUS EQUIVALENT
FUEL CONSUMPTION CALCULATION
According to the usage of battery, the equivalent fuel con-
sumption can be divided into two kinds of operating con-
ditions at the current time of the battery discharge and
charge. Basic operating route parameters of HEB are shown
in Table 2 [34], [35]. The formula of the instantaneous equiv-
alent fuel consumption is separately calculated under the two
kinds of conditions [36], [37]. The HEB structure diagram is
shown in Fig.6.

where fc is the engine, mc is the motor, wh is the wheel, & is
the number of shift, 7 is the torque; w is the speed, gb is the
gear-box, R(k(t)) is the transmission ratio of the main gear
reducer and transmission gear box when the number of shift
is k, p is the ratio of motor speed to transmission input shaft,
n is the efficiency, and 7 is the runtime. The full name of AMT
is automated mechanical transmission.

According to the mechanical connection among compo-
nents, the rotational speed relationship is:

wwh(t) = wr()/RK(1)) = wme(1)/R(k(1))
Omc()/RK@) - o (2)

The torque relationship is:
Twn(t) = R(k(0)) - (p + Time(t) + Tye(2)) - ngp 3

where the efficiency ngy, is determined by the torque of the
positive and negative.
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Due to the limitation of mechanical connection, torque
conditions are as follows.

0 < T(t) < The_max “)

Tne_min < Tine(t) < Tine_max (%)

Because the speed is also limited by the mechanical con-
nection, the conditions are as follows.

Wfc_min < wfc(t ) < Wfc_max (6)

0 < Wne(t) < Ome_max (N

One of control strategy functions is to keep the balance
of battery power as much as possible. Therefore, there is the
following relationship.

SOCfinul — SOCinitia1 =0 ()

At every sampling time ¢, w,,,(¢) will be detected. T, (2) is
the demand torque signal of the wheel which is calculated
through the given demand torque signal of the accelerator

pedal [38].
G, , r Fuel Tank
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FIGURE 7. Energy flow Schematic diagram of battery power energy in the
future.

1) BATTERY DISCHARGE CONDITION AT PRESENT TIME
The battery discharges at the current moment, and the battery
charges for a period of time in the future. Fig.7 shows the
battery energy flow. The present represents the current state
of the battery work. The future is expressed to maintain the
balance of the SOC value.

where T is torque, w is speed, 7, is the work efficiency of
the engine, 1y, is the working efficiency of the motor, 1pg
is the battery charging efficiency, nyis is the battery discharge
efficiency, and Py, Pfe, Pincs Pmc_rep, Pess are respectively
the demanded power, engine output power, power assisted
motor power, the power of motor power generation, the bat-
tery output power.

The power battery provides some power to propel the
vehicle forward at the sampling instant t. At the same time,
the remaining power is provided by converting fuel into
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FIGURE 8. Schematic diagram of the engine working point in the current
state of the battery.

heat energy from the main fuel tank of the engine. In the
current state of the battery power generation, the schematic
diagram of the engine operating point change is shown
in Fig.8.

The required driver power is Pg-,. When the battery is
discharged, the motor is in the state of electric power, and
the driver’s demand power is shared by the engine and
motor. Due to the motor involvement, the engine operating
point decreases from A to B. According to characteristics
of compressed natural gas (CNG) engine, the instantaneous
fuel consumption rate is increased. But the motor energy
conversion efficiency is higher, and the overall fuel consump-
tion is reduced. In the future, when the battery is charged,
the engine operating point increases from D to C. Thus, the
fuel consumption rate is reduced. It is beneficial to make the
engine work in the high efficiency area. There must be an
intersection in the two contradictory states. Under the condi-
tion of keeping the balance of SOC value, the instantaneous
equivalent fuel consumption is the lowest. This establishes a
more explicit direction and target for establishing and solving
the objective function of instantaneous equivalent fuel con-
sumption [39], [40].

Under current discharge conditions, the instantaneous
equivalent fuel consumption is calculated as follows. In the
future of a control cycle, when the battery is charged,
the engine output power is Py, which expresses the engine
power when the engine independently demands power. The
instantaneous fuel consumption rate of the engine is bg.
During the battery charging, engine operating points rise.
At this time, the engine power is Py, and instantaneous fuel
consumption rate is b.1. Then, the motor power Py _rep is
negative for the generation state.

By the demand power of the vehicle, the relationship
between the engine output power and motor output power is:

Pch = Pfcl + Pmcﬁreq = Py 9)

According to the formula (9), b.o and b, 1, the instantaneous
fuel consumption rate of the motor can be derived from the
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motor (compensation) charging power Ppc_rep.

(Pfe1be1 — Peobeo) At /3600
Pric_rep At /3600

_ Preiber — Preobeo (10)
Pmcﬁrep

b e_rep —

The instantaneous fuel consumption of the motor can be
obtained by the formula (10) and Pc_rep.

be?remecfrep _ Pfclbel - PchbeO (11)
1000 1000
Pch = Pfcl + Pmc_rep (12)

Myep

The formula (12) is brought into the formula (11), we can
obtain the formula (13).

Pfcl(bel - beO) - Pmc_repbeO
1000

Assuming that the battery discharge capacity is AC at the
current control cycle, according to the relationship among the
power, current, voltage, and the efficiency of the motor and
battery discharge efficiency, the current circulation power of
battery can be got by the formula (14).

_IAr P At
3600 3.6- NmeNdisUoc
In the next period of time (charge), we assume that at the

power of the N control cycle, the power relationship is the
formula (15) in the i control cycle.

(13)

Myep =

AC

(14)

Pro_i = Ppe1_i + Pinc_i (15)

In order to maintain the balance of the battery, the battery
compensation and the battery discharging quantity are equal
at the current control cycle. For each control cycle, the sum of
the charge quantity of the battery is calculated in the N control
cycle. The future compensation power ACegs_rep is:

N N

P iNme_iNchg i At
Acess_rep = Z ACess_rep_i = Z e 3m66E}OCC B (16)

i=1 i=1
The instantaneous fuel consumption of the motor is #1_;
during the i control period.
(Pfe1_ibe1_i — Pfeo_ibeo_i) At
3600

The instantaneous fuel consumption of the motor within
the N control cycle is:

7)

Myep_i =

N
Mrgp = ) Myep.i (18)
i=1

When the battery is compensated in the N control period,
the equivalent fuel consumption rate of the motor is:

N
Y (Pre1_ibe1_i — Preo_ibeo i)

Myep _ =1
PeAt/3600 Pone

19)

bmc_eq =
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AC is obtained by the formula (14) and (16).

I At P At
AC = =
3600 3.6- NmcNdis UOC
N
_ Z Pic_ime_i Nchg_i AV) (20)
3.6U,¢

i=1
The relationship between the discharge power P, at the

current time and charge power of the next N control cycle is
given by the formula (21).

N
P
Y Ppei=—2—— 1)
i=1 NmeNdisNMmcNchg

where 1, and n4;s are respectively the motor efficiency and
battery discharge efficiency at present time. 7),,. and 7.,
are respectively the average efficiency of the motor and the
average charge efficiency of the battery in the N control
period.

The formula (19) can be turned into the formula (22).

N
Y (Pre1_ibe1_i — Pfeo_ibeo_i)
=
bmc_eq = d N (22)
nmcndisﬁmcﬁchg Z Pmc_i

i=1

The formula (22) is simplified below.

bchg

—_— (23)
NmcNdisNMmcchg

bmc_eq =

N
Y- (Pret_ibe1_i—Preo_ibeo_i)
i=1

where l_)chg = ~
Z P mc_i
i=1
Finally, when the battery discharges at the current condi-
tion, the equivalent fuel consumption rate of the motor is:

bcthmc
10009, dis Mime Neng

(24)

Mpc_eq =

2) BATTERY CHARGING CONDITION AT PRESENT TIME

Fig.7 shows that the battery is charged at the current time,
and discharged at a certain period of time in the future.
Finally, it can balance the SOC value. Due to the participation
of the motor, fuel consumption is reduced. In order to be
consistent with the power symbol of the battery discharge,
the equivalent fuel consumption is negative in the case of
battery discharge [41], [42]. The energy flow diagram of
battery power consumption conditions in the future and the
diagram of the engine operating point changes at the current
time of the battery charge are shown in Fig.7.

At the sampling time t, the battery provides partial power
for propelling the vehicle forward, while the remaining power
is supplied by the engine. The diagram of the engine operating
point changes at the current time of the battery charge is
shown in Fig.9. Under current charging conditions, the instan-
taneous equivalent fuel consumption is calculated as follows.

19882
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FIGURE 9. Energy flow diagram of battery power consumption conditions
in the future.
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FIGURE 10. Diagram of the engine operating point changes at the current
time of the battery charge.

Current driver’s power demand for vehicles is Pg,. When
the battery is charged at the present time, the motor is in the
state of power generation. Because the driver’s demand power
and the power of the charge battery are supplied by the engine,
the engine operating point increases from A to B. According
to characteristics of CNG engine, the instantaneous fuel con-
sumption is reduced, and the engine operating point moves
toward the high efficiency zone.

In the future, the motor enters the joint drive mode,
or the vehicle starts from the idle mode. Meanwhile, the bat-
tery is discharged. The engine operating point decreases
from D to C, and fuel consumption is increased, as shown
in Fig.10. But the consumption of electric energy can be
compensated by the high conversion rate of electric energy
when the motor is driven. There is a certain intersection point
between the two kinds of battery. Under the condition of
keeping the balance of SOC value, the instantaneous equiva-
lent fuel consumption is the lowest [43].

At the present time, the engine output power is
Pi2(To, w2)(Prea = Pgpy), and the instantaneous fuel con-
sumption rate of the engine is b,2. Due to the battery charging,
engine operating points rise. At this time, the engine power
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is Pr3(T3, w2)(Pfe3 > Pgp), and the instantaneous fuel
consumption rate is b.3. Because the motor is under the state
of power generation, the motor torque Py chg(Pme_chg < 0)
is negative at this time.

Due to the fact that vehicle demands power, the relationship
between the engine output power and motor output power is:

Pfc2 = Pfc3 + Pmcﬁchg = Pgpy (25)

According to the formula (25), b.», and b,3, the instanta-
neous fuel consumption rate of the motor is derived when the
motor charging power is Ppc_chg-

(Pfe3bes — Preaber) At /3600
Piuc_chg At /3600
_ Pr3bes — Prober

b e_chg =

(26)
P mc_chg
The instantaneous fuel consumption of the motor can be
obtained by the formula (26) and Py cg.

(Pfe3bes — Praben) At
3600

The battery charging capacity is AC at the current control
cycle. According to the relationship among the power, current
and power, and voltage, considering the efficiency of the
motor and the battery charge efficiency, the current control
cycle battery charge AC can be attained.

27

Mchg =

I - At _ Pmc_chg’]mcnctht
3600 3.6Upc

In order to maintain the balance of battery power, the bat-
tery consumption is equal to the battery charge at the current
control cycle in the future. For each control cycle, the sum
of the discharge quantity of the battery is calculated in the
N control cycle. It can get the future compensation power

(28)

A Cessfchg =

A Cess_consum .

N

P it
— Z _Tmedmr (29)
i— 3~677mc7i77disU0C

A Cess_consum

Assuming that the formula (28) and formula (29) are equal,
we can get the motor power.
N
ZPmcfi = mcfchgnmcnchgﬁmcﬁdis (30
i=1
where 1, and 7¢jg are respectively the motor efficiency and
battery charging efficiency at the current time; 7,,,. and 74
are respectively the average efficiency of the motor and the
average discharge efficiency of the battery at the N control
cycle.
By formula (27) and formula (30), we can get the equiva-
lent fuel consumption rate of battery power consumption can
be got in the future.

(Pfe3bes — Preaben) At /3600

bmc_eq = 3D

N
3> Py iA1/3600

i=1

VOLUME 5, 2017

The above type can be decomposed as the next type.

b _ (Pg3bes — Proben) (32)
e P mec_chgllmcTchg F]mc Ndis

b _ bmc_chg (33)
mc_eq — T = =
- NmcNchg Mme Ndis

Pr3be3—Prab,
Whel‘e bmcﬁchg — fc30e3 L2062

. mc_chg : A .
When the battery is charged at the present time, the instan-
taneous equivalent fuel consumption calculation formula of
the motor is:

bmc_chg P mc_chg
10009¢ Nchg NmeNdis

(34)

Minc_eq =

C. RECOVERY OF REGENERATIVE BRAKING ENERGY

AND SLIDING ENERGY

In the power generation mode, the engine is provided the
demand power of the vehicle, while the battery is charged
at the same time. The battery can also be recovered by the
recovering of sliding and braking energy [44]. In order to
maintain the battery power balance, the energy consumption
of the battery needs to be modified in the process which
establishes the objective function.

M mod e_7

Z P motorbrake At
- j= 1

Pmotorbrake(t) = M mod el At (35)
M mod e 6
Z P coastch arg e At
_ j=1
Pcoastchage(t) = (36)

M mod e_1 At

where Mmode 1, Mmode_6 and Mpyode 7 are respectively the
action time segments in the joint drive, sliding charge and
brake energy operation mode.

The braking and sliding segments of the vehicle are not
predictable in the driving process. To calculate the motor
power, the compensation energy of the battery should be
considered at the braking and coasting fragment when the
vehicle is in the joint drive model. Thus, the correction of
energy consumption of the battery can be completed. Under
the modified current discharge condition, the instantaneous
equivalent fuel consumption functions of the motor are the
formula (41) and (42).

Echg (Pe(t) + Pmotorbrake + Pmularcaust)
looonmc(t)ndis(t)ﬁmcﬁchg

mmcﬁeq(Pmc(t)) =
(37)

bmc_cth mc_chg
10007;c(2) Nchg () me 7?chg

mmc_eq(Pmc_chg) = (33)
where l_)chg and by _chg are respectively the average fuel
consumption rate of the battery charge in the n control
period of the future under the current discharge condition
and the fuel consumption rate of battery charging at cur-
rent time of battery charging condition. l_)chg and byc_chg
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TABLE 3. Average fuel consumption rate under three typical operating
conditions of energy correction.

Power Pmoturbrake motorcoast cyc_chg
Condition (W) (w) (g/(kW.h))
Light load -87.9056 -35.6391 39.123
Middle load -54.9115 -35.2442 46.8
Heavy load -39.1554 -20.2857 46.97

are approximately replaced by the average fuel consump-
tion rate Ecycfchg. Table 3 lists results of the simulation of
the original car under three typical operating conditions,
which includes the regeneration power of the braking energy,
the energy of the sliding charge, and the average fuel con-
sumption rate of the battery compensation conditions.

D. OBJECTIVE FUNCTIONS OF THE INSTANTANEOUS
EQUIVALENT FUEL CONSUMPTION

1) ESTABLISHMENT OF THE OBJECTIVE FUNCTION

The formula (37) and (38) can be changed into the following
forms.

Z’ cycchg (Pe(®)+ P 'motorbrake + P motorcoast)
10007c()N4is () e 7?chg

mmc_eq(Pmc(t)) =
(39)

bcycchgp mc_chg
looonmc(t)nchg(t)ﬁmcﬁchg

”hmc_eq(P mc_chg) = (40)

where Poororbrake 1S the amendment power of the battery
energy consumption under the regenerative braking mode.
Priotorcoas: 18 the amendment power of the battery energy
consumption in the sliding mode.

Simultaneous hypothesis,

b ycoh

feq_a’is = # (41)
NmcNchg
beyeon

foqais = —=% (42)
NmcNdis

The general expression of the instantaneous equivalent fuel
consumption control algorithm is:

N—-1
Tin = ) Min{iye(Tre(0), ope(1) At
t=0

+ e (Tne(t), wme(t) At} (43)

The expression form of the torque speed becomes the power,
and the deformation is the formula (44).

N—-1

Jmin = Y Min{iye(Tye(t)
t=0
+ tinc_oq(Pme(1)))A1/3600}  (44)
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where A = 1+Slg”§Pmc(t)).
bcycfchg
Jeq_dis = =———
NincMchg
bcycfchg
feq_dis = - —
NmeNdis

P.(t) + P motorbrake P motorcoast
10007, (1)n4is(t)
Pine(1)
(I =Aeqg_chg
= 10000 () Ncng(t)

mmcfeq(P me(t)) = Afeq,dis

+ (45)
The final expression of the instantaneous equivalent fuel
consumption control algorithm is as follows in this paper.

N—-1
min = ) Min{(ige(Pre())Ksoc(Mog_ais
t=0
P (2 ) + P 'motorbrake I_) motorcoast
lOOOnmc(t)ndis(t)

w T L Ar/3600) (46)
looonmc(t)nchg(t)

2) OBJECTIVE FUNCTION SOLUTION OF THE

OPTIMAL VALUE

The optimal solution of the objective function is obtained
by the method of nonlinear programming, and the power
allocation ratio is determined. General constrained nonlinear
programming problems are described the formula (47).

+ (1 - )L)feq_chg

min F(x) 47
x.5.t.G(x)<0
where x = [x1,x2,---,x,]T is a set of vectors. Under the

condition of satisfying the constraint condition G(x) < 0,
the objective function F(x) is minimized. At this time, the
X is the optimal solution.

In the MATLAB optimization toolbox, fmincon( ) is
devoted to solving optimization problems of the constrained
nonlinear function. The specific call format of the function is:

[x, fval, ecitflag, output] = f min con(fun, x0, A,
b, Aeq, beq, Ib, ub, nonlc, options) (48)

where fun is the object function, x0 is the initial value, nonlc
is nonlinear constraint conditions, options is optimization
options (generally default), x is the value which is obtained
by the optimization function. If exitflag > 0, x is the solver,
or x is not the final solver which is only the value of the
optimization process when the iteration is stopped. The fval
is the value of the objective function for solving X, exitflag
is the description launch condition, exitflag > 0 expresses
the objective function that converges to the solution X,
exitflag = 0 expresses the maximum number of function
evaluation or iteration, exitflag < 0 expresses the objective
function which does not converge. The output contains the
optimization result information: Iteration is iterations, Algo-
rithm is the adopted algorithm, and FuncCount is the number
of evaluation times.
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E. CORRECTION METHOD OF THE SOC VALUE
Kjoc 1s the penalty coefficient of SOC value. The SOC value
of the battery is divided into the lower limit value, best value
and upper limit value. When the SOC value of the battery is
near the optimum value, K, is near 1, or K, is gradually
increasing. At present, there are two kinds of mathematical
expressions for the SOC value penalty coefficient of the bat-
tery. One is the tangent function [45], the other is a piecewise
function of the coupling between the cubic curve and quartic
curve [46]. According to the change trend of the SOC value in
the actual operation process, the piecewise function, which is
the coupling of the three curve and the four curve, is more
suitable. Because the driving operating conditions of the
hybrid bus change more often in the driving process, starting
and stopping frequently, the chance of the vehicle entering
the charge mode is rare. By adjusting the parameters of
the penalty coefficient curve during the SOC value of the
second kinds of batteries, the optimal value and the upper
limit value of the battery SOC value change relatively more
smooth. However, SOC value change changes dramatically
at the near lower limit value. Thus, the SOC value can be
maintained better in the range of high efficiency at the charge
and discharge status, and avoid the situation of the low battery
power [47].

The expression form of the piecewise function, which is
formed by the coupling of the cubic curve and quartic curve,
is the formula (35).

SOCy, + SOCy,;
DEV,,, = SoC — 22C1e 30Chi (49)

2
Ksoe = f(DEVype) = a + bDEV? .+ cDEVY . (50)

soc soc

where DEV,. is the size of the SOC value which deviates
from the optimum value. SOCj,, SOCy and SOC},; are respec-
tively the lower limit value, the best value and the upper limit
value of the SOC value. According to the need, a, b, and ¢
can select the appropriate coefficient.

When DEV,. > 0

Kyoc = 1 —900DEV? (51)
When DEV,. < 0,
Kyoc = —900 — 100DEV? . 4 8000DEVY . (52)

IV. MODELING AND SIMULATION
According to the HEB structure, the vehicle model is built
in the Cruise software and shown in Fig.11 [48]. Based on
torque distribution control strategy, the Simulink model of
the instantaneous optimization algorithm is integrated into the
whole vehicle controller by the Interface and Cruise software.
Through the joint simulation, the simulation is carried out on
three typical cases of light load, middle load and heavy load,
as shown in Fig.12 to Fig.14. Gas consumption results are
shown in Table 4.

Simulation results demonstrate the torque distribution con-
trol strategy of the instantaneous optimization algorithm can
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FIGURE 11. Structure diagram of HEB control model.
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FIGURE 12. Simulation results of the instantaneous optimization
algorithm-light load condition.
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FIGURE 13. Simulation results of the instantaneous optimization
algorithm-middle load condition.

effectively limit the engine and motor operating points in the
high efficiency area. Combining the simulation speed with the
actual speed of the vehicle, the vehicle dynamic performance
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FIGURE 14. Simulation results of the instantaneous optimization
algorithm-heavy load condition.

TABLE 4. Economic simulation results of the instantaneous optimization
algorithm based on the torque distribution control strategy for different
conditions.

Type
Gas loss
Light Middle Hea
(m*/100km) € Y
load load load
Type

Instantaneous optimization
36.84 42.84 50.55
algorithm

Original torque distribution
39.73 46.11 54.25
control
Reduce gas consumption rate

(%)

7.27% 7.09% 6.82%

can be better guaranteed. Besides, the battery power can be
well balanced. The HEB gas consumption is low, as shown
in Table 4.

V. CONCLUSION

In order to reduce the gas consumption and maintain a good
battery power balance, this paper adopts the instantaneous
optimization algorithm to optimize the energy control strat-
egy of HEB. Firstly, driving condition data of parallel HEB
is collected and analyzed, and three kinds of representa-
tive driving conditions are obtained, which are respectively
light load, middle load and heavy load. Secondly, objec-
tive functions of instantaneous equivalent fuel consumption
are set up by the instantaneous optimal control algorithm.
The objective function includes the current instantaneous
oil consumption of engine and motor instantaneous fuel
consumption. When instantaneous fuel consumption of the
electric machine is analyzed, the condition of the present
moment is divided into the current condition of battery power
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compensation and the current battery power consumption
condition. The instantaneous fuel consumption equation of
the electric machine is established on two kinds of working
conditions. Meanwhile, in order to maintain the balance of
the battery, fuel consumption items of the electric machine
introduce "battery SOC value of penalty coefficient”. The
process of solving the objective function is attributed to the
nonlinear objective function of linear programming problem.
Then, considering actual driving conditions, and based on
the objective function, the model of the instantaneous opti-
mal control algorithm is established which is integrated into
the vehicle model. Finally, the HEB instantaneous optimal
control model is simulated under three representative driving
conditions. Its application for the designed control model of
HEBs is shown to demonstrate the proposed instantaneous
optimal approach. Simulation result analysis and comparison
of the fuel economy with the existing methods are performed.
The results show that:

(1) Under three kinds of representative driving conditions,
the simulation speed is close to the actual speed.
It shows that the cycle conditions used in the simulation
can be close to the actual driving state. It provides a real
vehicle driving condition to verify the effectiveness of
the vehicle energy control strategy.

(i) As can be seen from the Fig.11, Fig.12, and Fig.13,
the torque distribution control strategy, which is based
on the instantaneous optimization algorithm, can effec-
tively control operating points of the engine and electric
machine in the high efficiency area. Work efficiency of
the engine and electric machine are improved.

(iii) As can be seen from the Fig.11, Fig.12, and Fig.13,
SOC value of the battery power can be well maintained
in a certain range. The service life of the battery and the
utilization ratio of the electric energy are improved by
the instantaneous optimal control strategy.

(iv) Compared with the logic threshold value torque
distribution control strategy, the torque distribution
control strategy of the instantaneous optimization
algorithm can effectively reduce gas consumption
under the premise of ensuring the power of HEBs.

Future studies should focus on integrating the developed
procedure of the HEB control model into a computer design
support system for verifying the effectiveness of the designed
control strategy by real vehicle tests [49]-[52]. Moreover,
more advanced optimization algorithms need more in-depth
theoretical research in the future [53], [34].
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