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1. Introduction

According to the International Energy Agency (IEA), global average fuel consumption improved
by 0.7% from cars sold in 2017[1,2]. This is partly due to the use of hybrid electric vehicles (HEV) such
as Toyota Prius and Honda Insights [1]. Even though an HEV can reduce fuel consumption and
emission [3,4], it is not widely utilized especially in developing countries due to its expensive price
[5,6]. Another shortcoming of an HEV is its battery performance and life are sensitive to the extreme
temperature and charging/discharging rate [5].

A Hybrid Hydraulic Vehicle (HHV) could be the answer for a widely available efficient passenger
vehicle. This is because a hydraulic hybrid is more durable, and its performance is not sensitive to the
environment temperature or charging/discharging rate [7]. An HHV maintenance should also be
reasonable because it is a mechanical system that can be maintained by any mechanics. However,
most HHV studies about the HHV involve heavy-duty vehicles such as buses and trucks [8,9]. This
study investigates the performance of the relatively small HHV to be implemented in passenger
vehicles.
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The HHV can exist in three architectures: Parallel, series and power split. Among the three, the
parallel architecture is the simplest and least expensive because of its closed resemblance to the
conventional vehicle. Under the parallel architecture, there is a configuration called through-the-
road (TTR) that allows the use of a front-wheel drive (FWD) conventional vehicle as platform [10].
The TTR allows the retrofitting of the hydraulic regenerative braking system into an existing
conventional vehicle, increasing its attainability [10].

The TTR drive train that is used in this study consists of a hydraulic regenerative braking system
on a rear axle of a FWD compact passenger car (Figure 1). A hydraulic pump converts the mechanical
power to fluid power by generating flow to overcome pressure induced by the load [11]. A hydraulic
pump is used to decelerate the vehicle and to charge the accumulator during braking. The pump used
in the application is a 25 cc/rev external gear pump [12]. Gear pumps are relatively cheaper to obtain
and easier to repair as compared to other types of pumps as they have fewer moving parts [13]. On
the other hand, hydraulic motor is a mechanical actuator that converts fluid energy to rotary
mechanical energy that is used to propel the vehicle and discharge the accumulator. [14]. The
hydraulic motor used in this study is a 50 cc/rev geroler hydraulic motor [15].
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Fig. 1. TTR schematics

This paper investigates experimentally the performance of the regenerative braking system in
terms of overall efficiency of the pump, mechanical efficiency of the motor and charging time. An
electric motor is used to provide various torque and speed to the right tire (coupled to the hydraulic
pump), mimicking the braking process to charge the accumulator at various target pressure (Figure
1). The charged accumulator is used to drive the hydraulic motor at various values of pressure. The
efficiencies of the pump and motor are calculated from the recorded torque and speed.

2. Methodology
The experimental setup (Figure 2) consists of a hydraulic motor, a hydraulic pump, an

electromagnetic clutch, a pressure regulating valve, a one-way check valve, a reservoir, an
accumulator, a normally closed (NC) solenoid valve, a variable throttle valve, a 10hp electrical motor,
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an inverter, load cells and also a rear axle from a compact passenger car (Perodua Myvi). The
schematic diagram for the setup is as shown in Figure 3.

......

Fig. 2. Th experimental setup

The experiment is divided into two parts, charging process and discharging process. Charging
process is when the accumulator is charged by the pump and discharging process is when the high-
pressure oil in the accumulator is allowed to flow to the hydraulic motor. The two processes are
differentiated by the 3/2 NC solenoid valve open or closed states (Figure 3). During charging process,
the 3/2 valve is closed, and the hydraulic fluid is forced to flow into the accumulator, building up
pressure in the accumulator. During discharging process, the 3/2 NC valve is opened, allowing the
high-pressure hydraulic fluid to flow to the hydraulic motor.
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Fig. 3. Schematic diagram of the experimental setup
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2.1 Determining the Efficiencies

This study investigates the performance of the regenerative braking system via pump and motor
efficiencies. The pump performance is measured via overall efficiency or the multiplication of
mechanical and volumetric efficiencies (Eqg. (1)). This is because during braking, the wheel is not static
and the effect of volumetric loss must be included via volumetric efficiency.

novrp = Tlmechp X Tlvolp (1)

where,
Novr, = Pump overall efficiency

Nmech, = Pump mechanical efficiency
NMvot, =Pump volumetric efficiency

The hydraulic pump side of the rear axle is connected to an electric motor via a belt drive (Figure
4a). The reaction load of the electric motor from the load cells (Figure 4b) and the electric motor
angular speed are used to obtain the electric motor reaction torque and wheel speed. The load cells
used in the experiment is HT Sensor Technology model type TAL 201, which has the accuracy of
+0.02%. The electric motor reaction torque, the gear ratio of the drive train and the mechanical
efficiency are used to determine the pump experimental torque (Eq. (2)).

(a) : (b)
Fig. 4. (a) The belts setup at the electric motor (b) The load cells setup at the electric motor

TemXBPR
Toump,, = oo ® (2)
ex  GRpx0.8

where,

Tyump,, = Experimental pump torque
T,,, = Electric motor reaction torque
BPR,, = Belt pulley ratio (2.033)
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GR, =Gear ratio (2.538)
0.8 = Mechanical efficiency from electric motor to hydraulic pump (20% loss)

The electric motor speed is controlled to simulate the braking torque when the vehicle
decelerating from the speed of 21 km/h, 40 km/h, 60 km/h, and 80 km/h. The pressure relief valve is
also set to a desired pressure ranging from 25 to 75-bar while the reaction torque at the electric
motor is measured and recorded. The mechanical efficiency of the pump can be obtained from Eq.

(3).

T um
Nmech, = Tp_pt x 100% (3)
pumpex
where,
_ . __ PxDy
Tyump, = Theoretical pump torque (Tpymp, = 7)
D, = Pump displacement
P = Fluid pressure

The volumetric efficiency of the hydraulic pump is determined from a high-pressure external gear
pump model [11] (Eq. (4)).

8x1078xP
Nvot, = 1- X (4)
where,
u = Fluid dynamic viscosity (0.029 mPas)
wy = Pump speed in rad/s

The hydraulic motor performance is measured solely via mechanical efficiency since the TTR
hybrid is designed to launch from static and the hydraulic motor would be mechanically decoupled
as the speed of the hydraulic motor can no longer keep up with the speed of the wheel. The hydraulic
motor side of the rear axle is used to obtain its mechanical efficiency where it is connected to a
mechanical braking system via a belt drive (Figure 5a). The brake caliper is equipped with load cells
(Figure 5b) so that the static torque of the hydraulic motor can be determined.

During the discharging process, the accumulator is charged to 20-bar of pressure. Then, the
mechanical brake locks the lower shaft and the brake caliper so that the torque from the hydraulic
motor is transferred to the load cells at the caliper. Next, the solenoid valve releases the high-
pressure fluid to the hydraulic motor. The load reading from the brake caliper is used to determine
the brake torque (T,). The experiment is then repeated with different charging pressure.
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(@ (b)
Fig. 5. (a) The belt pulley setup at the brake caliper (b) The load cells setup at the brake caliper
The experimented motor torque (Tpot0r,,) is Obtained from the brake torque multiplied by the

gear ratios and the 80% mechanical efficiency of the drive train (Eq. (5)). Finally, the hydraulic motor
mechanical efficiency is obtained (Eq. (6))

__ TpyXBPRpy
Tmotorex = TGRx08 (5)

where,
Tmotor,, = Experimented motor torque
T,,  =Brake torque

BPR,, =Belt pulley ratio (1.005)
GR,, =Gearratio(1.86)

Mmechy, = 2220 x 100% (6)

motorg

where,
Nmech,, = Motor mechanical efficiency

Tmotor,,= Experimental motor torque

: PXD
Tmotor, = Theoretical motor torques (Trotor, = ———

)

21
D,, = Motor displacement (50 cc/rev)

3. Results and Discussion
3.1 Hydraulic Pump Efficiency

The electric motor is used to simulate the vehicle speeds of 21, 40, 60, and 80 km/h. While the

electric motor drives the pump side of the wheel at the mentioned speeds, the charging pressure of
the accumulator is varied from 20 to 75 bar with increments of 5 bar. The reaction torque of the
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electric motor is used to determine the pump overall efficiency (Table 1 to Table 4). The best overall
efficiencies at each vehicle speed for the hydraulic pump are 69.85% at 21km/h speed and 35 bar
pressure, 76.94% at 40 km/h speed and 70 bar pressure, 82.06% at 60 km/h speed and 75 bar

pressure, and 82.91% at 80 km/h speed and 75 bar pressure.

From the results, generally, the pump overall efficiency shows an increasing trend while the
pressure increases. Thus, it can be said that under safe conditions, higher pressure is preferable for
the hydraulic pump and should be used during the operation of the HHV.The results also shows that
the pump operates most efficiently when the vehicle speed is at 80km/h and at the pressure of 75
bar with the overall efficiency of 83%. However, the pump efficiency is more consistent when the

vehicle speed is at 60 km/h (Figure 6).

Table 1

Test results at 21 km/h speed

Pressure (bar) Tpump, (NM) _Tem (Nm) Tpump,, (NM) NMvot,  Mmechy, Movr,

1 2 3 Average (%) (%) (%)

20 7.96 10.16 11.75 11.52 11.14 11.16 89.27 71.33 63.68
25 9.95 11.89 1348 13.21 12.86 12.88 86.59 77.26 66.90
30 11.94 13.47 15.08 14.93 14.49 14.51 83.91 8225 69.01
35 13.93 1499 16.82 16.71 16.17 16.19 81.22 86.00 69.85
40 15.92 17.85 19.05 18.34 18.41 18.43 7854 8634 67.81
45 17.90 19.34 20.32 20.11 19.92 19.95 75.86 89.77 68.10
50 19.89 20.66 2192 2192 21.50 21.53 73.18 9241 67.63
55 21.88 22,10 2390 23.63 23.21 23.24 70.49 94.17 66.39
60 23.87 23.33 2575 25.19 24.76 24.79 67.81 96.31 65.31
65 25.86 25.43 27.03 27.05 26550  26.53 65.13 97.47  63.48
70 27.85 26.94 28.45 2853 27.97 2801 62.45 99.44  62.09
75 29.84 29.71 30.52 30.34 30.19  30.23 59.76 98.72  59.00
Table 2

Test results at 40 km/h speed

Pressure (bar) Toump, (Nm) _Tep (Nm) Tyumpe, (NM) Nvot,  Mmech, MNovr,

1 2 3 Average (%) (%) (%)

20 7.96 11.94 12.49 12.09 12.17 12.19 9437 6530 61.62
25 9.95 13.90 14.21 13.70 13.94  13.96 9296 71.26 66.24
30 11.94 1551 15.78 1539 1556  15.58 91.55 76.63 70.16
35 13.93 17.48 17.71 17.27 17.49 17.51 90.14 79.53 71.69
40 15.92 19.10 19.25 18.97 19.11 19.13 88.73 83.20 73.82
45 17.90 20.73 21.00 20.66 20.80 20.82 87.33 85.98 75.08
50 19.89 22.50 22.54 2223 22.42 22.45 85.92 88.61 76.13
55 21.88 2420 24.48 23.90 24.19 24.23 84.51 90.34 76.34
60 23.87 25.80 26.16 25.44 25.80 25.83 83.10 9241 76.79
65 25.86 27.49 29.31 29.31 2871 28.74 81.69 89.98 73.51
70 27.85 29.00 29.31 28.76 29.03 29.06 80.28 95.84 76.94
75 29.84 30.48 31.16 30.42 30.69 30.73 78.88 97.12 76.60
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Table 3

Test results at 60 km/h speed

Pressure (bar) Tpumpt (Nm) _Tep, (Nm) Tpumpex (Nm) Mvo,  Nmech, Tovr,

1 2 3 Average (%) (%) (%)

20 7.96 12.81 12.60 12.78 12.73 12.75 96.24 62.44 60.09
25 9.95 14.69 1448 1430 14.49 14.51 95.31 68.57 65.35
30 11.94 16.55 16.23 16.14 16.31 16.33 94.37 73.10 68.99
35 13.93 18.23 18.18 17.99 18.13 18.16 93.43 76.70 71.66
40 15.92 20.21 20.14 19.76 20.04 20.06 92.49 79.33 73.37
45 17.90 21.44 2131 21.17 2131 21.33 91.55 83.93 76.83
50 19.89 23.25 23.02 22.76 23.01 23.04 90.61 86.34 78.24
55 21.88 25.22 24.87 24.60 24.90 24.93 89.67 87.78 78.71
60 23.87 26.76  26.45 26.32 26.51 26.55 88.73 89.93 79.80
65 25.86 28.35 28.00 28.07 28.14 28.17 87.79 91.80 80.59
70 27.85 29.95 29.78 29.12 29.61 29.65 86.86 93.93 81.58
75 29.84 31.25 31.27 31.09 31.20 31.24 85.92 95.51 82.06
Table 4

Test results at 80 km/h speed

Pressure (bar) Tpumpt (Nm) _Tem (Nm) Tpumpex (Nm) NMvot,  Mmechy, Novr,

1 2 3 Average (%) (%) (%)
20 7.96 13.38 13.55 13.38 13.46 13.48 97.18 59.03 57.37
25 9.95 16.06 1497 1492 1551 15.53 96.48 64.04 61.79
30 11.94 1753 1691 16.68 17.22 17.24 95.78 69.23 66.30
35 13.93 19.28 18.84 18.89 19.06 19.08 95.07 72.97 69.38
40 15.92 20.05 20.54 20.50 20.30 20.32 94.37 78.32 73.91
45 17.90 22.85 21.85 21.89 22.35 22.37 93.66 80.02 74.95
50 19.89 25.40 23.49 24.13 24.44 24.47 9296 81.29 75.56
55 21.88 26.24 25.28 25.64 25.76 25.79 92.25 84.84 78.27
60 23.87 27.68 27.04 27.25 27.36 27.39 91.55 87.16 79.79
65 25.86 29.57 30.10 28.94 29.84 29.87 90.85 86.57 78.65
70 27.85 30.67 30.24 30.44 30.45 30.49 90.14 91.35 82.34
75 29.84 32.33 3197 32.15 32.15 32.19 89.44 92.70 82.91
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3.2 Hydraulic Motor Efficiency

The hydraulic motor static torque is measured when the motor is supplied with hydraulic fluid at
pressure between 20 bar to 75 bar (Figure 7). The torque value from load cell is used to calculate the
hydraulic motor mechanical efficiency and is shown in Table 5. The mechanical efficiency of the
hydraulic motor ranges from 62% to 74%.

The hydraulic motor mechanical efficiency records high values at the pressure between 20 bar to
40 bar. However, the mechanical efficiency drops at the pressure from 40 bar to 65 bar and rise again
beyond 65 bar. The hydraulic motor operates most efficiently when it operates at 75 bar of
discharging pressure. Thus, during the operation of the HHV vehicle, the discharging pressure should
be set higher than 65 bar.

Table 5
Hydraulic motor mechanical efficiency
Pressure Tmotort Tbr Tmotorex Nmechy,
(Bar) (Nm) 1 2 3 4 Average (Nm) (%)
20 15.92 21.95 4.07 15.63 16.99 14.66 7.92 62.21
25 19.89 31.00 5.71 20.12 20.77 19.40 10.48 65.86
30 23.87 4390 15.10 1830 22.73 25.01 13.51 70.75
35 27.85 40.70 20.50 19.03 28.37 27.15 14.67 65.84
40 31.83 47.40 22.84 2542 34.05 32.43 17.52 68.81
45 35.81 43.60 24.45 23.40 31.04 30.62 16.55 57.76
50 39.79 4390 2550 32.63 33.85 33.97 18.35 57.66
55 43.77 52.20 26.66 35.50 31.94 36.58 19.76 56.44
60 47.75 4550 36.14 4146 40.81 40.98 22.14 57.97
65 51.73 4480 47.17 47.22 43.13 45.58 24.63 59.52
70 55.70 5470 57.80 5542 5893 56.71 30.64 68.76
75 59.68 59.30 6890 68.51 64.66 65.34 35.31 73.95
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4. Conclusion

This experiment study explores the performance of the HHV drivetrain for passenger vehicle by
determining the highest overall efficiency of the pump and the highest mechanical efficiency of the
motor in the TTR regenerative braking system. The pump performs at its highest efficiency of 82%
when the vehicle is braking from 60km/h and charging to 75bar. The motor performs at its highest
mechanical efficiency of 74% discharging the accumulator from the pressure of 75 bar. This study
suggests the TTR HHV should be operated at the pressure higher than 65 bar because that is the
optimal operating pressure of the drive train.
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