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Charge-Depleting Control Strategies and Fuel
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Hybrid Electric Vehicles
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Abstract—This paper investigates the fuel consumption mini-
mization problem of a blended-mode plug-in hybrid electric ve-
hicle (PHEV). A simplified mathematical model of the PHEV was
constructed to obtain optimal solutions for depleting the battery
to a given final state of charge (SOC) under constant vehicle
speed. An optimal power strategy was constructed from theoret-
ical analysis and simulation for constant speed cases and then
applied to typical drive-cycle simulations for a middle-size plug-in
sport utility vehicle in the Urban Dynamometer Driving Schedule,
the U.S. Environmental Protection Agency US06 (Supplemental
Federal Test Procedure), and the CR-City drive cycles. Simulation
results indicate that the proposed control strategy is more efficient
than other strategies of interest. Only the electric system loss char-
acteristics, vehicle power demand, total battery energy, and trip
distance are needed to implement the proposed control strategy
in a PHEV. It does not rely on the detailed trip information other
than the total trip distance. Therefore, it is possible to implement
the control strategy in real time if the total trip distance is known
before the trip.

Index Terms—Control strategy, fuel consumption, plug-in hy-
brid electric vehicles (PHEVs), theoretical analysis.

I. INTRODUCTION

LUG-IN hybrid electric vehicles (PHEVs) use grid elec-

tricity to power the vehicle for an initial driving range,
which is referred to as the charge depletion (CD) mode. Using
electric energy from the utility grid to displace a part of the
fuel is the major feature of PHEVs [1], [2]. There are two basic
types of PHEVs: 1) extended-range electric vehicles (EREVs)
and 2) blended-mode PHEVs.

EREVs offer pure electric driving capability in the initial
driving range, which is called the all-electric range (AER). To
realize pure electric driving in all driving conditions, EREVs
are equipped with a full-sized traction motor powered by the
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PHEYV battery pack. One of the disadvantages of the EREV is
the increased system cost due to the full-sized traction motor
and power requirement for the battery. The other disadvantage
is the high losses in the electric system (battery and electric
motor) at high power operations. These constraints have led to
the concept of blended-mode PHEVs.

A blended-mode PHEV usually has less powerful electric
drive capability. Therefore, it can typically achieve cruise and
moderate acceleration in the electric mode at low to moderate
vehicle speeds. For operations that require either higher power
or higher torque, the engine must be used, either with or without
electric assist, depending on the vehicle control strategy.

Control strategies for a blended-mode PHEV can be com-
plex and multidimensional and will have significant impacts
on vehicle performance, driveability, and fuel consumption
[3]-[5]. One of the PHEV’s primary capabilities is fuel dis-
placement by depleting the onboard electric energy storage
system (ESS) to a preset low-threshold state of charge (SOC).
It is generally desirable that the onboard ESS has reached
this depleted state (charge-sustaining SOC) by the end of the
“designed” vehicle travel distance. On one hand, aggressive CD
may result in higher electric loss incurred in the vehicle systems
and adversely affect engine efficiency. On the other hand, a
vehicle with less than sufficient CD operations may not achieve
the fuel displacement function as designed, and the capacity
of the onboard ESS is underutilized. Therefore, how we can
achieve optimized CD operations in PHEV applications is one
of the fundamental problems of PHEV control. It becomes more
challenging in real-world applications, because the trip distance
and drive scenarios are not precisely known.

Therefore, the objective of the PHEV optimization problem
is to minimize the vehicle fuel consumption subject to specific
constraints, e.g., component capabilities and available ESS
energy. The problem can be formulated as follows:

T f

Objective : minimize J = /f(Peng) dt )
0

Pb,min(t) S Pb(t) S Pb,max(t)
Pem,min (t) S Pem (t) S Pem,max(t)
0< Peng(t) < Peng,max(t)
SOCuin < SOC(t) < SOChax

Subjected to : 2)

where P, is the power of the battery, P.,, is the power of the
electric motor, P, is the engine power, SOC is the battery
state of charge, and f is the fuel mass flow rate.
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Fig. 1. Power flow of a PHEV.
TABLE 1 III. ANALYSIS OF POWER FLOW IN A PLUG-IN

VEHICLE PARAMETERS

Curb Weight (kg) 1988
Full Load Mass (kg) 2490
Frontal Area (m?) 2.88
Rolling Coefticient 0.015
Wheelbase (m) 2.6
Aerodynamic Coefficient 0.41

TABLE II
HEV MAIN COMPONENTS

Fuel Converter 130 kW gasoline engine

Motor 50 kW PM Motor

Battery 360V, 24Ah lithium-ion battery

Assume that the vehicle distance traveled is greater than the
AER. A fixed distance and different constant speed were used
for the theoretical analysis to obtain the control parameters.
The control parameters table are constructed and evaluated in
the Powertrain Systems Analysis Toolkit (PSAT) with these
constant-speed drive scenarios and then implemented in typical
drive cycle tests.

II. VEHICLE MODEL

In this paper, a blended-mode PHEV was built in PSAT for a
mid-sized plug-in sport utility vehicle (SUV). A typical parallel
configuration is adopted, as shown in Fig. 1. The parallel PHEV
allows both the engine and the electric motor to deliver power
in parallel to drive the wheels. The propulsion power may be
supplied by the engine, or the motor, or both [6]. If the motor
power is sufficient, it can also realize pure electric driving
mode. The electric motor can be used as a generator to charge
batteries during regenerative braking or absorbing power from
the engine when the engine has excessive power.

Although a generic parallel PHEV model is used for this
paper, the methodology is also applicable to other types of
PHEVs, including planetary-gear-based configurations, e.g.,
Prius and GM/Chrysler Two-Mode Hybrid, whose main oper-
ation can be considered parallel [7]-[9]. The parameters and
main components of the vehicle are listed in Tables I and II.

HYBRID ELECTRIC VEHICLE

References [10] and [11] analyzed the efficiency of con-
ventional hybrid electric vehicles (HEVs), including series
and parallel HEVs. The analysis of the fuel consumption is
generally operated on a specific drive cycle based on energy
balance and component efficiencies. In this section, the focus
is on a PHEV for specific drive cycles based on energy balance
and component efficiencies.

As shown in Fig. 1, based on power balance, the power
consumed to propel the vehicle P, is equal to the power

provided by the engine P.,, and from the electric motor
P, 1.e.,

Pb = Pem + Pem_loss (4)

Pb_in = Pb + Pb_loss (5)

where P, 10 1s the loss of the electric motor, P, ;55 is the
loss of the battery during discharging/charging, P is the battery
output power to the electric motor, and P, ;, is the battery
output power, considering battery power loss. P.,,, P, and
Py, iy, have signs that are positive, indicating discharging, and
negative, indicating charging. Py, j0ss and P, ;s are always
positive. P, can be calculated by the following equation based
on vehicle parameters and speed:

1 (
T}T

where P, is the demand power (in kilowatts), nr is the trans-
mission efficiency, m, is the vehicle mass (in kilograms), g is
the acceleration of gravity (in square meters per second), f; is
the rolling coefficient, v is the vehicle speed in (in kilometers
per hour), C'p is the aerodynamic coefficient, A is the frontal
area (in square meters), J is the rotating mass coefficient, and «
is the slope angle (in rads).

In a specific drive cycle, the total energy demand F, and
available battery energy FE, are constant, i.e.,

mang

oy CpA
3600

; 6-ma~v@ Mg+ g -sina-v
76140

3600 dt 3600

T
Ey, = /Pb_m dt = const. 7
0
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Fig. 2. Fuel rate for various engine speed.

Ey, = 0 is for charge-sustaining operations, and £}, > 0 is for
CD operations. We have

T
E, = /Po dt = const. ()
0

A. Fuel Consumption of an ldealized Internal
Combustion Engine

The engine efficiency is represented by a nonlinear static map
that describes fuel rate as a function of engine speed and engine
torque, as shown in Fig. 2. It is shown that the fuel rate can
approximately be represented by a linear function as engine
power for each engine speed. We have

forate = f(P.,w). 9)

For further simplicity, a linear relationship is assumed to
obtain an optimized solution as

f:fo+kpeng (10)

where f, is caused by mechanical friction and pumping losses
in the engine, and %k approximately reflects the combustion
efficiency. f, obviously varies with different engine power
ratings and increases with engine size, whereas k is almost the
same for different size engines. For the specific engine used
in this paper, the value of f, and k are 1.59 x 10~! g/s and
7.13 x 1072 g/(kW - s), respectively.

B. Electric Power Loss

The electric losses in the PHEV include battery loss, electric
motor loss, and inverter loss. These losses can be divided into
the following three types: 1) the frictional and windage loss in
the electric motor, which is a function of motor speed and load
torque; 2) the magnetic loss in the motor, which is related to
magnitude and frequency of supply voltage; and 3) copper loss
in the motor and internal loss in the battery due to battery inter-
nal resistance. The last type of loss is proportional to the current
squared, i.e., out power squared if the voltage is assumed to
be constant. Hence, the total electric system losses include
a portion that is constant (windage loss and some magnetic
loss), a second portion that is proportional to the output power
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(a portion of frictional loss and some magnetic loss), and a
third portion that is proportional to the square of output power
(copper and battery losses). Therefore, we can approximate the
total electric losses as a second-order polynomial as

Py in = Popp + L088(Poy) = Py + Lo + AP.,, + BP2
(11)

where Loss(P.,,) is the electric loss, L,, and A, B are the
indices of a polynomial coefficient, which depend on vehicle
powertrain components.

C. Control Strategy

The previous work has demonstrated the following three dif-
ferent control strategies in the CD mode [12], [13]: 1) the AER
strategy; 2) the electric-dominant strategy (M1); and 3) the
engine-dominant control strategy, which is also referred to as
the electric assist strategy (M2). In M2, the motor size and bat-
tery power rating can be scaled down compared to the AER con-
trol strategy. If the maximum motor torque and battery power
are sufficiently large, the operation is similar to the AER control
strategy. The motor supplies the main driving torque, and the
engine turns on when the demand toque exceeds the maximum
motor torque. In M2, the engine provides most of the driving
toque, and the motor assists the vehicle operation by using the
onboard electric energy. The electric motor is only turned on
when the road load demand exceeds the engine optimal torque/
efficiency. In [14] and [15], only the engine operation is opti-
mized, thus not using the full potential of the hybrid technology.

In this paper, as shown in Fig. 3, the proposed strategy uses
electric power to drive the vehicle until a threshold power
demand Ps is reached. Then, the engine turns on to meet the
desired output power and electric system power with the motor
to assist. A constant motor mechanical power P,,, = P, is
maintained during engine running until the end of the drive
cycle. This case is referred to as the optimal power strategy
(M3). We have

on, P,> P
Seng = (12)
of f, Po < Ps
Pemmin7 Po < Pemmin
Pem: Pm Pemmin<Po<Ps (13)
Pca P, < P, < Peppmax
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where P, min 1S the maximum regenerative power, and P; is
the power threshold, below which, the engine is off. P. is the
constant motor mechanical power used to assist the engine.

As shown in Fig. 4, it is assumed that, if P.,, = P, the
battery energy is used up at time T%. If P, = P._nin, the
battery energy is used up at time 7. A fixed distance and
constant speed are first used for the analysis. We have

T==

v, (14)

where S is the distance, V,, is the constant speed, and 7T is
the time of the whole trip, which depends on S and V,,. P, is
dependent on V.

If P, > Ps, the engine will turn on, assuming that, after
Ty, the battery energy will be used up. 77 depends on P..
During the time interval between 7 and 7', only the engine pro-
vides the energy to the vehicle. The total fuel consumption in
this drive cycle is

T T
my = /mf(ng)dH/mf(ng)dt
0 T
T T
= /(fo + k(P, — P.)) dt + /(fo + kP,) dt
0 Ty

= (fo+k(Po_Pc))T1 + (fo+kPa)(T_T1)

=(fo + kP,)T — kP.Ty. (15)
According to (7) and (11), T} can be obtained as
T T
E, = /Pb dt = /(Psc + Loss(P,.)) dt
0 0
= (Lo+ (1+A)P. + BP?) Ty. (16)
Replacing 77, (15) can be expressed as
kEy P,
my = (fo+ kP)T — s (17)

L,+(1+ AP, + BP?’
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Fig. 5. Electric power loss characteristics.

By calculating the derivative of (17), the following equation can
be obtained:

dm; _ o (Lot (Lt A)Pot BP?)~P.(1+ A+ 2BP,)
dF ' (Lo + (L+ A)P. + BP2)?
_ 2
= —kE, Lo — B (18)

(Lo + (1 + A)P, + BP2)*

Setting (18) to zero and solving for P, the solution can be
obtained as

Lo

P, = iR (19)

By calculating the second derivative of (15), (20), shown at the
bottom of the page, can be obtained. Replacing BP? = L,,, the
following equation can be derived:

d®>my  2kEyL, (2vBL, + 1+ A)
d*P. (L, + (1+ A)P. + BP2)*

> 0. 21

Hence, P. = \/L,/B is a minimal of (17). It means that, if
the engine is on, the best fuel economy can be obtained when
P.=/L,/B. This value depends on the loss characteristics
of the electric system L, and B.

If 77 =T, based on (16), we can get the motor minimum
power P, to ensure that the battery can be used up. That is,
the battery SOC drops to a preset low threshold at the end of
the trip. We have

~(L+A) + /(1 + A)2 4B (L, - B)
2B

Pc_ min — (22)

Considering the ideal condition, if the power loss is
zero, i.e., L, —» 0, A — 0, B— 0, and lim P;_in = Ep/7T.
This condition is also consistent with the assumption. Based
on the relationship among P,, \/L,/B, and P. in and

Pm;  2kEy, (~2B2P* + B2P? + 2L,BP2 + BL,P. + L, + L,A)

d?P,

(Lo + (14 A)P, + BP2)?

(20)
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TABLE 1II
CALCULATION RESULTS (FOR A TOTAL DRIVING RANGE OF 40 mi)

Pmin M1 M2 M3
Vehicle Speed Power demand (kW)

(kW) (kg) (ke) (%) (kg) (%)
30mph 6.15 3.77 1.13 1.69 49.50 / /
40mph 10.53 5.20 1.79 2.13 19.14 / /
50mph 16.77 6.62 2.64 2.83 7.41 2.81 6.47
60mph 2532 8.01 3.68 3.76 2.15 3.75 1.86
67mph 32.83 8.98 451 451 0 451 0
70mph 36.58 9.39 4.90 4.87 -0.54 4.86 -0.61
80mph 51.00 10.75 6.35 6.17 -2.80 6.17 -2.80
90mph 69.00 12.1 7.83 7.65 227 7.72 -1.39
100mph 90.95 13.43 9.48 9.30 -1.86 9.52 +0.44

In the table above, M1: electric dominant control strategy; M2: electric assist control strategy; M3: optimal power strategy.

considering (18) and (21), the results can be discussed as
follows.

1) If P, < \/L,/B, then dmy/dP, < 0, and the fuel con-
sumption decreases with the increase of P,.
2) If P. win < v/Lo/B < P,, the fuel consumption has a

minimum value at P, = \/L,/B.
3) If P._wmin > \/Lo/B, then dmy/dP, > 0, and the fuel
consumption increases with P..

If P. = P,, from 0 to 7}, the engine will be turned off,
which means that the vehicle is in the AER mode. The total
fuel consumption becomes

T T
mfz/mf(Peng)dtz/f0+kPodt=(fo+ kP,)(T—Ty).

Ty Ty

(23)

The aforementioned set points for P, can be used for the
control of PHEV to optimize fuel economy (minimize fuel
consumption). Based on the aforementioned analysis, it seems
that, because the optimal values of P, depend on P,, P._in,
and \/L,/B, we will need to calculate their values based on
the drive cycle and then decide on the engine turn-on threshold,
as well as the battery/motor power once the engine has been
turned on. Hence, the control can be described in the following
steps.

e Obtain L,, B, and A for the electric systems. This ap-
proach can be done based on the simulations of the elec-
tric system or through experiments of the actual electric
system, including the battery, inverter, and electric motor.

* Calculate \/L,/B and P, .

 In drive cycle simulations or real-world driving, calculate
the power demand of the vehicle P,. The power demand
is determined by looking at the pedal positions and the
auxiliary electric power demand.

35
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Fig. 6. Optimal motor mechanical power with different vehicle power
demands.

e If P, < /L,/B, then run the vehicle in the pure electric
mode. The engine is off.

e If P, > \/LO/B but \/LO/B > Pc min, then turn the
engine on. Setting the motor to provide constant power of
P.=/L,/B, the engine should provide the difference
between power demand and motor power, i.e., Peygine =
pP,—/L,/B.

o If \/L,/B < Pc_min, then also turn the engine on.
Setting the motor to provide constant power of P, =
P._min, the engine should provide the difference be-

tween power demand and motor power, i.e., Pepgine =
Po - Pc_min-

It is shown that the engine turn-on threshold and motor power
are only determined by the power demand, the electric system
loss characteristics, and the total battery energy. The control
strategy is based on the optimal power of each component and
the vehicle power demand. Hence, it is referred to as M3 in
this paper. The control can easily be implemented in a vehicle
controller.
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TABLE 1V
CONSTANT-SPEED-CYCLE SIMULATION RESULTS

Fuel consumption (kg)

(Proposed optimal power

Fuel consumption (kg)
Fuel savings (%)

Vehicle Speed (AER) strategy) comparison to results from
PSAT
Analytical PSAT PSAT
30mph 1.13 1.45 1.45 0
40mph 1.79 1.84 1.84 0
SOmph 2.64 2.66 2.66 0
60mph 3.68 3.61 3.60 0.28
70mph 4.90 4.82 4.76 1.25
80mph 6.35 6.11 6.04 1.15
90mph 7.83 7.85 7.54 3.95
IV. CONSTRUCTION OF THE PARAMETER TABLE 30
In this section, we will use constant driving profiles to obtain 25|
the control parameter table, which can be used for transient s
drive cycles. First, the electric system loss can be obtained g 20
using experimental data. The data were used to fit a second- 8
order curve to obtain L,, A, and B, as shown in Fig. 5, & 9],
where L, = 0.649, A =1.23 x 1072, and B = 4.85 x 1073. é ”
According to (19), P._opt = \/Lo/B = 11.5 kW. To calculate =
the fuel consumption using the equations derived in Section III, 5
a target CD range of 40 mi is selected.
‘ Thre'e different control strategies were studied, as described 0 00 000 i 400 o0 2000 oo
in Section III: 1) M1; 2) M2; and M3. In mode 2, P,_ i, can be Time (s)
calculated from the vehicle parameters and the known constant (a)
speed, and we can ensure that P, = P._.,i,. This case means 40 . . .
that the available battery energy is just exhausted at the end of 351 _
the trip. Because P, needs to first be obtained, it is difficult il |
to implement in real-time simulations, unless the trip distance g
is known. However, it can be used as a theoretical calculation to %’ 25 1
construct the control parameter table. Mode 3 works only when & 20 .
P, > P, opt, P = P._,p at this time. 25 i
The fuel consumption is calculated based on the aforemen- s
tioned analysis, and the results are listed in Table III. As shown 10 i
in Table III, when the vehicle speeds are set at 30 and 40 mi/h, 5 .
the total power demand is less than the optimal power P, ;. 0 . \
Therefore, the vehicle operates in mode 1, and P. = P,. The . =00 1000 150(T)ime (32)000 2500 =000 =h00
AER-mode control strategy has the best fuel economy. (b)
When the vehicle speed is set at 50, 60, and 67 mi/h and if 20 : . i
the engine is on, mode 2, i.e., P. = /L, /B is better. However,
the AER-mode control strategy is still the best in this scenario.
When the vehicle speed is set at 70 and 80 mi/h, mode 3 g By 1
has the best performance among all the three control strategies. =
Through the aforementioned results, the engine off threshold ;’.}. 10} J
can be obtained. 2
When the vehicle speed is set at 90 and 100 mi/h, the total § el |
power demand is greater than the motor maximum power, and
the engine has to be turned on all the time. At this time, P, =
Ppin, mode 2 has the best fuel economy. 0 o T 5 St
Based on Table III, the engine on/off threshold was 32 kW. Time (s)
The optimal motor mechanical power with different vehicle (©
power demands was obtained and described as a curve, as i ) o )
Fig. 7. Three typical drive cycles for the verification of the proposed optimal

shown in Fig. 6. The table data can be used to implement
vehicle control strategies in the simulation model.

power control strategy. (a). Five consecutive UDDS drive cycles. (b). Five
consecutive US06 drive cycles. (c). CR-City drive cycle.
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TABLE V
COMPARISON OF THE THREE DRIVE CYCLES

Maximum Average Maximum Maximum Cycle Trip
. . . Total # of
Speed Speed Acceleration  Deceleration Distance Cveles
(mph) (mph) (m/s?) (m/s?) (miles) Y
UDDS 56.7 19.6 1.48 -1.48 7.45 5
uso6 80.3 50.0 3.76 -3.10 8.01 5
CR City 43.4 18.4 2.60 -3.31 1.00 40

V. SIMULATION RESULTS

First, we use PSAT to simulate the vehicle fuel economy in
constant drive cycles to gain the confidence of the proposed
strategy. Table IV shows the simulated results from PSAT for
the different constant speed driving profiles for the proposed
M3 and the default AED strategies. For ease of comparison, in
the same table, we have also listed the fuel economy of the AED
strategy calculated using the analytical method from the previ-
ous section. Table IV shows the following two observations:
1) The simulated fuel economy is very close to the calculated
fuel economy shown in Table III, and hence, it validates the
equations and parameters derived in the previous section; and
2) there is no improvement in 30, 40, 50, and 60 mi/h by
using the proposed M3, because the power demand is less than
the threshold for the engine to turn on. As the power demand
increases, the proposed M3 shows fuel savings in 70, 80, and
90 mi/h.

This simple simulation shows that the proposed control
strategy can help save fuel consumption as the power demand
increases. Because power demand in transient drive cycles is
much higher, the estimated fuel savings can be more significant.
Hence, it is important to see how well the proposed strategy
performs in various transient drive cycles. For this purpose,
the proposed strategy is applied to the Urban Dynamometer
Driving Schedule (UDDS), the U.S. Environmental Protection
Agency US06 (Supplemental Federal Test Procedure), and the
CR-City drive cycles, as shown in Fig. 7.

Compared to UDDS, the US06 and CR-City drive cy-
cles are more aggressive in terms of acceleration and decel-
eration, which better approximate aggressive driving in the
real world. A comparison among the three cycles is shown
in Table V.

The electric range was also tested in the UDDS drive cycle.
The SUV can run 23 mi in the electric range until the battery
SOC drops to 0.3, as shown in Fig. 8. The results indicate that
the battery parameters selected for the SUV are appropriate.

For fuel economy comparison, the battery final SOC must
be at the same level; therefore, SOC correction is necessary. In
[18] and [19], the linear regression method was used to ensure
that the initial and final SOCs are the same. In this paper,
the initial SOC value is 1.0, and the target SOC value is 0.3;
therefore, the difference between the final SOC and the target
value is considered. Linear fitting was adopted to determine the
fuel consumption by setting the difference value to zero. Fig. 9
shows an example of SOC correction for fuel consumption in a
random drive cycle.

— battery SOC| ! : [']
--* engine state Pt P
0.8\\ j o
06 \ o
Q P
8 \ : : . :. :
04 \\\\ T o S
02 b
0 e

0 5 10 15 20 25 30

Distance (mile)

Fig. 8. Electric range in UDDS.

5.1
D508 /
[}
(2}
£
c 5.06 5
S
‘g y =0.02151*x + 5.071
3 5.04
=
3 /
$ 5.02
kL. /

5

-3 25 -2 -15 -1 -0.5 0 0.5 1
Difference between final SOC and target value (%)

Fig. 9. Example of SOC correction in a random drive cycle.

The different drive cycles are simulated in PSAT by incorpo-
rating the proposed optimal power control strategies. Fig. 10
shows the power demand of the different drive cycles. The
power distribution between the engine and the motor are de-
termined by the proposed control strategy M3. Fig. 11 shows
the power distribution between the engine and the motor for
the CR-City drive cycle. It is shown that the power distribution
between the engine and the motor follows the proposed control
strategy M3. When the power demand is less than the optimal
power threshold, P, > P. ., the engine remains off. When
the power demand exceeds this threshold, the engine is turned
on, and the motor provides power assist according to the control
parameters shown in Fig. 6. The difference between the total
power demand and the power provided by the engine and the
motor represents the drive line loss and the auxiliary power
demand.



ZHANG et al.: CHARGE-DEPLETING CONTROL STRATEGIES AND FUEL OPTIMIZATION OF BLENDED-MODE PHEVs

60

N TN

e TR 0 bbb L i
£ Y MM} LY Y

0 200 400 600T irz:)(S) 800 1000 1200
SRR Ll |
Ti?;:)(S)

s AN eh A

/ VAW
T

0 20 40 60 80 100 120 140 160 180
Time (s)

(©)
Fig. 10. Total power demand of the different drive cycles. (a). Power demand

in the UDDS drive cycle. (b). Power demand in the US06 drive cycle. (c). Power
demand in the CR-City drive cycle.

100 T T T T T T T T T
—Engine Power
80k —Motor Power

60 b

a0} ]

20 b

€ vy
201 1
40 L,

0 20 40 60 80 100 120 140 160 180
Time (s)

Power (kW)

Fig. 11.
cycle.

Power distribution between engine and motor for the CR-City drive

1523

Figs. 12 and 13 show the power distribution between the
engine and the motor for the UDDS and US06 drive cycles.
It is shown that, because the power demand in the UDDS drive
cycle is relatively low, the engine turn-on time is much less than
in the CR-City and US06 drive cycles. It can also be observed
in Figs. 11-13 that only a portion of the negative power is
recovered by the motor through regenerative braking. This case
is consistent with the general practice in HEV control, in which
frictional brakes are used to ensure vehicle stability and safety.
It can also be observed in Figs. 10-13 that the summation of
motor and engine power from is more than the total power
demand, because the motor and engine power has to overcome
the drive loss and supply power to the auxiliary power demand,
which is not included in the vehicle power demand shown in
Fig. 10.

In blended-mode PHEVs, the motor power is not sufficient
to realize the AER control strategy in high-power demands.
The engine provides most of the driving torque in M2, which is
obviously not beneficial for fuel economy. Therefore, only M1
was used for simulation and calculation. The simulation results
of the PHEV in different drive cycles are shown in Tables VI,
which contains the value of fuel mass after SOC correction
for the corresponding drive cycles. To compare the fuel con-
sumption results with various strategies, the fuel consumption
obtained with M1 is taken as the baseline. It is shown that M3
improves by 4.0%, 4.2%, and 2.56% in SUDDS, CR-City, and
5US06, respectively.

The fuel savings shown in Table VI obtained by the proposed
M3 is primarily due to the reduction in electric system loss. As
discussed earlier, the electric system loss significantly increases
as the power increases. Hence, there is a threshold at which it
is beneficial to turn on the engine to provide the main power
for the propulsion power demand while using the motor to
supplement the power demand. However, it is important to
ensure that the available battery energy is consumed at the end
of the drive cycle; otherwise, the battery is underutilized.

To evaluate the fuel economy in the same battery parameters
with different CD ranges, different consecutive UDDS drive
cycles were adopted. As shown in Fig. 14, the proposed control
strategy also achieves better fuel economy than the electric-
dominant control strategy, even if the range is greater than
40 mi, but the percent improvement is reduced.

In real-world driving, the trip distance and energy consump-
tion are not precisely known. Modern vehicular navigation
systems may provide trip information to be used by the CD
strategies. Because the proposed strategy requires only the trip
distance and the AER (or the battery energy content), it seems
feasible to implement this control strategy for real vehicle
applications using the estimated trip information.

VI. CONCLUSION

A control strategy has been developed based on optimal
power operations of the PHEV analyzed from constant vehi-
cle speed operations. A middle-size plug-in SUV model was
built in PSAT, and three typical cycles were used to evaluate
the fuel consumption. If the trip distance is shorter than the
AER and the power demand is low, the AER is the best
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TABLE VI
TYPICAL DRIVE CYCLE SIMULATION RESULTS
Drive cycle Fuel consumption (kg) Fuel cor'lsumptlon (kg) Fuel savings
(AED) (Optimal Power) (%)
5UDDS 2.25 2.16 4.0
CR city 5.72 5.48 4.2
SUS06 547 533 2.56
10 . . . . egy M3 can perform better than the electric-dominant control
9 Sstrategy.
sl i In this paper, we only consider the total fuel consumption
s 5 during specific drive cycles based on the electric system loss
O\O - | . . .
-3 characteristics, vehicle power demand, total battery energy, and
g & \ ) trip distance. It does not rely on the detailed trip information
S5 other than the total trip distance. Therefore, it is possible
£ af \ : : ] to implement the control strategy in real time if the total
3l _ , i distance is known before the trip. Because most people who
) K commute to work know their approximate driving distance,
T —— this control strategy can potentially provide significant fuel
1 1 1 1 1 .
30 35 40 45 50 55 60 65 70 75 savings.
Charge depleting range (mile) In this paper, only fuel usage has been considered the opti-
Fig. 14. Improvement with different CD ranges in UDDS. mization objective. It is possible to calculate the total energy

control strategy. If the drive cycle is more aggressive, the
AER will not meet the requirement of high power demand. If
the trip distance exceeds the AER, the proposed control strat-

consumption, which includes fuel and electricity. Hence, the
proposed analytical approach can also be used to minimize
total energy consumption for given drive cycles. This case will
further be explored in future studies.
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