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An interesting model which was able to recuperate and reuse braking energy was investigated. It was named series hybrid
hydraulic/electric system (SHHES). The innovated model was presented for heavy hybrid vehicles to overcome the existing
drawbacks of single energy storage sources. The novelty of this paper was investigation of a new series hybrid vehicle with
triple sources, combustion engine, electric motor, and hydraulic sources. It was simulated with MATLAB-Simulink and different
operational mode of control system was investigated. The aim was to improve the efficiency of the energy-loading components in
the power train system and the transmission system independently. The ability to store and reuse the kinetic energy was added to
the system to prevent energy wasting while the vehicle was braking. Control models were also investigated to realize suitable control
algorithms to offer the best efficiency in system components for different vehicle conditions. The torque control strategy based on
fuzzy logic controller was proposed to achieve better vehicle performance while the fuel consumption was minimized. The results
implied efficient storage and usage in the transmission system. A small vehicle model experimentally verified the simulation results.

1. Introduction saving in automobiles, especially heavy city vehicles, is one
of the most important energy topics. Research for improving
fuel efliciency and reducing emissions without sacrificing

vehicle performance, safety, reliability, and other conven-

Refuse trucks or city buses as the heavy vehicles have impor-
tant duties in civilized cities. According to the heavy vehicles

fuel consumption and their typical stop and start driving
cycles, their fuel consumption has influence on cities eco-
nomics.

However, the fuel saving strongly depends on the driving
performance and operational modes; operation time also
has an important role in transportation cost. Less operation
time and more transportation will benefit the transportation
companies. Drivers try more acceleration and deceleration to
save the time during the driving cycle. The aggressive drivers
need more acceleration power and should waste more energy
duringbrakingprocesssWithitherrisingiconcern in the global
energy management and the environment pollution, energy

tional vehicle attributes has made the hybrid technology
one of the most important developments for the automotive
industries [1]. Battery and fuel battery technology have suit-
able high energy density, but the relatively lower power
density makes them only marginal in recovering the kinetic
energy during braking process. Supercapacitors have higher
power density and more lifetime than the batteries, but the
challenges of supercapacitors are their expensive prices [2].
Hydraulic accumulator has higher power density and energy
conversion efficiency than the batteries and supercapacitors,
which is well suited for storing the high power energies
during the braking in a short time for heavy vehicles [3],
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FIGURE 1: Forces acting on a refuse truck.

TaBLE 1: Hydraulic accumulators versus electric batteries.

Energy recovery Hydraulic Electric battery
performance accumulator Li-ion
Power density 5KW/Kg 0.5KW/Kg
Energy density 4-11KJ/Kg 150 KJ/Kg
Rou.nd—trlp 949% 81%
efficiency

but the lower energy density of the hydraulic accumulators
makes them difficult as the only energy storage source to
design the energy control strategy for minimizing the fuel
consumption [4, 5]. It is also realized that a single energy
storage source cannot satisfy both the peak power and energy
density requirements in the heavy vehicles [6]. As the results
it could be implied that the benefits of using electric batteries
were their higher energy density, which make them possible
to develop full electric light vehicles; on the other hand, the
benefits of the hydraulic accumulators are their high power
density and high round-trip efficiency which make them suit-
able for heavy hybrid vehicles; Table 1 shows a comparative
value between hydraulic accumulators and electric batteries.

Recently, the simultaneous use of multiple energy storage
sources with different characters is a challenging solution for
heavy hybrid vehicles. Both high energy density sources and
the high power density sources can be exploited simultane-
ously [7].

Some researches were investigated for energy control
strategies in heavy hybrid vehicles that deal with heuristic
control techniques such as logic threshold, fuzzy logic, and
others devoted to optimizing the power split between the
hybrid energy sources [8], but the discussion of combination
in hydraulic sources and electric sources is also a new topics.

Using methods to improve the overall system efficiency
was the targets of using hybrid technology which could be
classified as follows eflicient usage of the primary power
source, efficient transformation of fuel energy to motion
energy, and the efficient recovering and reuse of the braking
energy.

GControllability;srobustness;reliabilitypand life cycle ex-
penses were also some important requirements [9].

2. Mathematic of Vehicle Dynamic

2.1. Vehicle Dynamics Formulation. Vehicle dynamic equa-
tions [10] are given through the well-known equations (1)-(6)
as visible in Figure 1:

](theel = Tprop - Text‘ (1)

According to the configuration of the proposed hybrid power
train in Figure 3, the values of the resulting inertia J and
the propulsion torque T},,,, depend on the control operation
mode which is the case of the magnetic clutch operation, and
the overall moment of inertia is given by

J= er + ]ﬁx + ]elec + ]hyd' (2)

Jelec is the moment of inertia due to the rotating masses com-
ponents in the electric motor/generator 2, J5, is the moment
of inertia due to all parts of power train, and Jy,4 is the
hydraulic variable displacement pump/motor components
inertia which is dependent on the magnetic clutch state and
it can be coupled to the transmission system through the
magnetic clutch:
v
Xivheel = r’

T,

ext = Fexe ' 7 = (Fdrag + Fon +Fslop) 7

Fdrag = % (PLCwAVZ) > (3)

Froll = mgfr Cos ((X) >

F,

dop = Mg sin (a) .

Equation (4) describes T, that defines the propulsion

torque produced by the propulsion system generators:

Tprop = (Telec + Thyd) Haig + Tbrake’ (4)

Ugig Was the torque conversion ratio of the vehicle differential
system.

Two different configurations could be obtained from the
magnetic clutch state for the propulsion and the braking
operations:

www.manaraa.com



Chinese Journal of Engineering

FIGURE 2: Traditional transmission system.
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FIGURE 3: Schematic system of series hybrid hydraulic/electric system.

(1) Both hydraulic and electric power generation lines
were coupled to the differential:

Tprop = (Telec + Thyd) Haig + Tbrake‘ (5 )

(2) Hydraulic system was decoupled from electric motor/
generator 2 and the differential:

Tprop = Tetec * Hait + Torake: (6)

Figure 2 shows the traditional transmission system which
would be compared with the proposed hybrid system.

2.2. Base Line Energy Management. The hybrid vehicle’s over-
all propulsion torque in (5) needs to be distributed among
the electric motor/generator 2 and the axial piston variable
hydraulic motor/pump which were connected to the dif-
ferential. In addition, the operating constraints on the power
train components need to be involved in the accounts. This
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could be expressed with the base line energy management
strategy given by

. ( ( Tprop
min | max| ———,
Thyq = 1 Hn * Bair

0

elec — Haiff

|0

Tbrake = min (T

Detailed information on the derivation of some parts of this
base line energy management could be found in [11, 12].

Note that exclusive electric propulsion (Tj,,q = 0) was
operated when the required torque could be solely provided
by the electric unit. It would happen while the vehicle was
not in hill climbing or hard acceleration mode. Within the
performed simulation and during vehicle test the base line
strategy equations (7) are used as the reference of fuel saving
analysis.

3. Proposed Hybrid Hydraulic/Electric Model
and System Components

The power generation unit system contains a 6-cylinder diesel
engine, DC brushless motor/generator 1, a hydraulic variable
displacement axial piston compensated pump, and a one-way
roller bearing. They were connected to each other through
the one-way roller bearing for storing electric energy in the
battery and pressurized hydraulic energy in the accumulator.
If the diesel engine was shut down and if the accumulator
was empty of fluid charge, the DC motor/generator 1 would
tank the accumulator. The one-way roller bearing caused
the fact that the DC motor would not need to rotate the
diesel engine and would cause the prevention of energy
loss due to the diesel engine parts frictions. The proposed
system was shown in Figure 3. The propulsion unit system
contains a hydraulic high pressure accumulator, battery pack,
hydraulic valves {directional valves (numbers 1 and 7), 0/1
valves (numbers 4, 5, and 6), proportional valve (number
3), and relief valve (number 2)}, a low pressure hydraulic
reservoir, a variable displacement hydraulic motor/pump, DC
motor/generator 2, a magnetic clutch, and a differential. The
hydraulic variable displacement motor/pump was connected
to the DC motor/generator 2 and the differential via a
magnetic clutch. They could transfer the power to the wheels
and vice versa receive the motion power from the wheels in
the braking process. Accumulator and battery pack were used
as the storage energy unit. The control system contains an
AVR microcontroller (Atmega 32). Microcontroller (AVR)
was programmed to control the valves, motor/generator
driver, magnetic clutch state, and hydraulic pump/motor
swashypplateganglessyTheghydraulicgvalvesgcould control the
fluid flow paths and overload pressure safety. Red, blue, black,

T,
. TO] . .
min (max (ﬁ,Telec,mm s Taeomax |, if 0 < SOCyqpery < 1
J
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min) > Thyd’ max) » i 0 < SOC,ccymutator < 1

Otherwise,
(7)

Otherwise,

prop — Hdiff (Telec + iy Thyd) , 0) .

and yellow lines in order indicate high pressure, low pressure,
and electric and control lines.

4. Energy Loading and Recovering
Component Efficiency

The power generation unit and the propulsion system effi-
ciency depended on the number of series components and
the efficiency of each component which were connected to
the system:

rlpower generator — Hdiesel engine + ”motor/generatorl + rlbattery

+ Nyariable pump * Maccumulator>
(8)

rlpropulsion = Nvariable hydraulic motor/pump

+ ﬂmotor/generator 2 T Mdifferential

4.1. Diesel Engine. To minimize the fuel consumption, first
it was needed to adjust the diesel engine speed according to
the demanded loading torque in optimal region. The diesel
engine rotation speed adjustment was independent of the
vehicle speed which was the most useful parameter of series
hybrid vehicles. Figure 4 shows the diesel engine characteris-
tic in different torque-speed regions [13].

Then it was possible to optimize the variable displacement
pump by controlling the swash plate angle in efficient region.

Figure 4 also shows “overspeed” of the diesel engine rota-
tion speed. It could drastically increase the fuel consumption
and reduce engine efficiency.

4.2. Dc Motor/Generator and Battery. Mechanical power out-
put indicates the generation of torque and speed with a cor-
rection factor for electric motor units:

Mechanical power output

. = : 9
HElectric motor The electrical power input ( )

Figure 5 which was constructed by Micro motion solution-
Faulhaber shows an electric motor characteristic curve.
Motor efficiency at various points from no-load to stall torque
was also shown.
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FIGURE 4: Schematic characteristic for diesel engine.
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FIGURE 5: Speed, power, efficiency, and current in different torque
speed.

The maximum motor efficiency occurs at about 20% of
the motor stall torque and the maximum motor power occurs
at approximately 50% of the stall torque, and the speed at the
maximum motor power is approximately 50% of the no-load
speed. For better understanding of control strategy algorithm
in next sections, the research defines a factor named “Critical
Optimal Electric Current (COEC).” This factor was a specific
current value that would occur about 20% of the electric
motor stall torque current. In COEC point the electric motor
had the most efficiency; it was shown in Figure 5.

If the vehicle was in high acceleration or hill climbing,
then the propulsion system should produce higher torque
on the wheel axis. If the electric motor must supply all the
power alone, then electric motor torque has to be increased.
Figure 6 shows electric motor torque current which indicates
that higher motor torque demanded higher electric current
which must be supplied from electric sources or batteries.

In a full electric automotive application, if high electric
motor current rates were used regularly for hard acceleration
onforshilliclimbingstherangesofithepvehicle will be reduced.
This is a result of battery high discharge rate which was an
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FIGURE 6: Electric motor torque-current curve.

important factor for the hybrid vehicle distance driving
design.

The Peukert Equation (10) is an empirical formula which
approximates how the available capacity of the batteries is
spent according to the rate of discharge:

C=1I", (10)

where C is battery theoretical capacity in Amp-Hours, I is
electric current, T is time, and # is Peukert number (a con-
stant for the given battery).

Equation (10) shows that at higher currents demanded
by the electric motor, the system should spend more battery
capacity; thus, there would be less available energy in the
batteries. Higher electric currents demanded by the electric
motor means more losses and less available capacity in the
batteries. Figure 7 is the Peukert curve. It shows the effective
batteries capacity which would be reduced at higher contin-
uous discharge rates.

4.3. Accumulator. The hydraulic accumulator contains the
hydraulic fluid and highly compressed inert gas up to 300 Bar
such as nitrogen. Hydraulic accumulator is a useful device
to store the energy and reuse it in hybrid vehicles [12]. Accu-
mulators normally have high energy conversion efficiency
and can be used from zero to full State Of Charge (SOC,.)
in charging and discharging process without remarkable
performance changes [4].

One of the other best duties of accumulators is hydraulic
shocking absorption in hydraulic circuits. While the hydrau-
lic pump or motor was faced with sudden starting of diesel
engine or sudden valves opening, the hydraulic fluid shocking
would be absorbed and damped by the accumulators.

It was assumed that during accumulator charging and
discharging the pressure would be operated in constant
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values. Equation (11) governs maximum recovered energy by
the hydraulic accumulator:

V2
E=J PdV = P,V, - PV, (1)

Y1

where P is the system pressure and V' is charging and dis-
charging fluid volume.

5. Control Operators with Different
Drivers Behavior

In the propulsion system the COEC value which was
demanded by the electric motor/generator 1 was the control
operator of the system. Different driver behavior defines dif-
ferent control modes in the drive line as follows:

(1) Soft acceleration or motion in nonslope road while
pressing acceleration pedal demands less current than
the COEC value by the electric motor/generator 1.

(2) Hard acceleration or hill climbing while pressing
acceleration pedal demands more current than the
COEC value by the electric motor/generator 1.

(3) Soft deceleration while the acceleration pedal would
not be touched by the driver.

(4) Hard deceleration while the braking pedal would be
touched by the driver.

(5) Emergency deceleration while the braking pedal would
be pressed by the driver to stop the vehicle immedi-
ately.

In the power generation system the control operators were
the battery State Of Charge (SOCy,yery) and the accumulator
state of charge (SOC ). Schematic state of charge
O i is the gap between
operator.

accumulator
: Q

EREn EJLIH
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FIGURE 8: The schematic of SOC control operator.

6. Power Generation System, Propulsion
System, and Braking System Control Model

6.1. Power Generation Control Model. There are four different
control modes for the power generation unit as follows:

(1) SOCpyttery < Threshold power SOCyytery -

Then diesel engine = start.

And motor/generator 1 switches to generator mode.

(Diesel engine was operated in optimal rotation
speed, the DC motor driver would switch the DC
motor/generator 1 to generator mode and would store
the power in the battery, and simultaneously pres-
surized oil would be stored in the accumulator.)

(2) SOCpygtery = 0.9 Max power SOCyyqiery-

Then diesel engine = shutdown.

(3) SOCaccumulator < Threshold power SOCaccumulator'
Then motor/generator 1 switches to motor mode.
And electric motor 1 = start.

(The electric motor/generator 1 would be switched to

the motor mode, motor 1 was started, and the pressur-
ized oil would be stored in the accumulator.)

(4) SOCaccumulator > 0.9 Max power SOCaccumulator'
Then hydraulic pump swash plate angle = 0.

(The pump swash plate angle would be set up to
zero, the pump would not tank additional fluid in the
accumulator, and the diesel engine by the generator
1 would just produce and store electric power in the
battery.)

6.2. Propulsion System Control Model. There are two different
control modes for the propulsion system as follows:

(1) Electric motor/generator 2 entrance current <
COEC.
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Then electric motor/generator 2 switches to motor
mode.

And magnetic clutch = 0 (disconnected).
And proportional valve 3 = 0 (closed).
And valve 4 = 0 (closed).

(The electric motor/generator 2 would be switched
to motor mode and it would supply the propulsion
power alone, and the hydraulic system would not be

participated.)

(2) Electric motor/generator 2 entrance current >
COEC.

Then electric motor/generator 2 switches to motor
mode.

And magnetic clutch =1 (connected).
And proportional valve 3 =1 (opened).
And valve 4 =1 (opened).

(Magnetic clutch would connect the hydraulic motor
to the drive line, and the hydraulic motor torque
value depended on the volume of fluid flow through
the proportional valve 3 and the motor swash plate
angle. These values could be changed by the acceler-
ation pedal orders. If the aggressive drivers needed
more acceleration, the proportional valve 3 would
be opened more while swash plate angle would be
increased.)

6.3. Regenerative Braking System Control Model. There are
two different control modes for the regenerative braking unit,
soft and hard deceleration:

(1) Acceleration pedal = 0 (not to be touched).

Then electric motor/generator 2 switches to generator.

And magnetic clutch = 0 (disconnected).

And proportional valve 3 = 0 (closed).

And valve 4 = 0 (closed).

(This is soft deceleration while the acceleration
pedal was not touched, motor/generator 2 would be
switched to generator mode and will convert the vehi-
cle motion energy to the electric power and store it in
the battery, and it would cause soft speed reduction.)

(2) Braking pedal =1 (be touched).

Then electric motor/generator 2 switches to generator.
And magnetic clutch =1 (connected).

And proportional valves 3 and 4 = 0 (closed).

And valves 5 and 6 =1 (opened).

(The electric generator 2 and the pump simultane-
ously would convert the vehicle motion energy to
the electric and pressurized oil power and store it in
accumulator and battery. The conventional braking
systemswould:be-activatedfortheremergency stop by
the driver demand.)

1.2
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FIGURE 9: Input membership functions for the fuzzy logic controller.

7. Fuzzy Torque Controller

The hydraulic circuits are not efficient in higher speed and
higher flow rates and have more energy losses (from Darcy
Weisbach formula). The maximum electric propulsion sys-
tem efficiency was operated around the COEC value. To
apply efficient energy in the propulsion system the hydraulic
system would help the electric system to save the battery
from high discharge rates. The surplus power demanded
by the driver command was compensated by the hydraulic
variable displacement motor. The hydrostatic system and
electric system have to be controlled simultaneously. A fuzzy
logic controller was proposed to control the generated power
by both sources. Membership functions were proposed by the
trapezoidal-shaped functions for the load (COEC value) and
the battery SOC (SOCpyyery)-

The fuzzy trapezoidal curve is a function of a vector x and
depends on four scalar parameters a, b, ¢, and d, as given by

f(x;a,b,¢,d) = max [min <%, 1, Z%:) ,O] ,  (12)

where the parameters (a) and (d) locate at the “feet” and the
parameters (b) and (c) locate at the “shoulders.” Fuzzy rules
were proposed by the optimum results of many simulations.
Load (COEC value) was the input function for the propulsion
system and battery SOC was the input function for the power
generation system. Figure 9 shows the optimum proposed
fuzzy logic controller which distributes the demanded power
among the electric and hydraulic propulsion systems.

8. Proposed System Simulation, Experiment,
and Results

The proposed model was simulated with MATLAB-Simulink.
Figure 10 shows the main design subsystem. The vehicle
parameters according to Table 2 were used in the simulation.
The proposed hybrid simulation was compared with the con-
ventional system.
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TABLE 2: Vehicle parameters.

Diesel engine power 120 KW
DC motor/generator 2 power 50 KW
Hydraulic pump/motor power 70 KW
Vehicle weight 15 Ton
Accumulator size 28 Lit
Max battery power 60 KW
Differential ratio 0.3

The conventional system in Figure 2 contained a diesel
engine which was connected to the differential and drive line
through a gearbox. The results in Figure 11 indicated that the
hybrid vehicle was faster than the conventional one with the
same energy consumption. As a result it was also defined that
the heavy vehicles with hybrid hydraulic/electric propulsion
system were more efficient than the conventional systems.

The proposed system was also built up on a small vehicle
to be tested. The simulation parameters were changed to the
real small vehicle. Figure 12 shows the experimental model
on a small hand-made vehicle. The vehicle was driven in two
different types, first with full hydraulic propulsion without
electric propulsion and next with full electric propulsion
without hydraulic propulsion. The experiments have shown
that the hydraulic propulsion system was more efficient and
had better performances for low speed while higher torque
was needed. On the other hand, the electric propulsion
system was more efficient and had better performances
i i i in hi peed with lower
sons were done

70

Vehicle speed (mph)

0 5 10 15 20 25
Time (sec)

--- SHHEV
—— Traditional

FIGURE 11: Conventional and hybrid comparison of acceleration
time.

between the simulation and the experiments with the small
model. Figure 13 shows the comparison and presents good
agreement between the simulation and the experiments.

9. Conclusions

Hydraulic accumulator and battery system were designed
as the energy storage sources for heavy hybrid vehicle to
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FIGURE 13: Simulation model and experiment acceleration compar-
ison.

overcome the faults with using single energy sources. A
fuzzy torque controller was introduced for presenting the
simultaneous control of the electric and the hydraulic compo-
nents, the demanded torque was distributed in the propulsion
system to both sources and caused the minimization of
the disadvantage of accumulator’s lower energy density and
battery’s lower power density, and the hydraulic motor/pump
and the DC motor/generator 2 effectively regenerate the brak-
ing energy and store it in accumulator and the battery for next
usage. The hydraulic motor buffers the power load of battery
to prolong battery lifespan. The diesel engine was adjusted
in high efficiency regions as the power generation source.
In this study a novel hybrid hydraulic/electric was simulated
with MATLAB-Simulink and a small experimental model
was built up too; the results have shown improvement in
vehicle efficiency. The hybrid vehicle in comparison with the
traditional vehicle could get more speed with the same energy

sage. It shows better eflici andscausesfuel consumption
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