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The through-the-road (TTR) hydraulic hybrid parallel architecture uses regenerative 
braking system that is placed at the rear wheels. This architecture offers a practical 
solution for an efficient passenger vehicle because it does not interfere with the 
conventional drive train. Thus, unlike other hybrid vehicles, this architecture allows the 
use of hybrid technology on an existing front-wheel-drive vehicle. This paper discusses 
the development of the architecture that involves the hydraulic circuit design and the 
optimization of the components size. The study simulates 972 vehicle models on all 
four segments on Worldwide Harmonized Light Vehicle Test Procedure (WLTP) drive 
cycle. The simulation finds the suitable model uses a 25cc/rev hydraulic pump, a 50 
cc/rev hydraulic motor and a 10-liter hydraulic accumulator. The chosen combination 
allows the pump and the motor to operate within their limits, and maximizes the use 
of regenerative braking throughout the full WLTP drive cycle. 
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1. Introduction 
 

The development of efficient passenger vehicles has become one of the popular research areas 
due to concerns about excessive fossil fuel consumption and the impact of carbon emissions to the 
environment [1]. Hybrid drive train has been proven to reduce the energy consumption and the 
carbon emissions [12] through regenerative braking but it is not widely used in developing countries. 
This can be seen by the sales of Toyota Prius hybrid electric vehicle (HEV) has been excellent in the 
developed country like in the United States of America since the early year 2000 [2]. Yet, the sales of 
HEV has been very poor in the developing countries. This is due to the low purchasing power of low-
income consumers limiting their ability to purchase and maintain HEVs. 

The through-the-road hydraulic hybrid parallel architecture could be the answer of the low 
attainability rate of efficient hybrid vehicles since the architecture allows for the retrofitting of the 
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regenerative braking components into an existing conventional vehicle. The hydraulic system is very 
robust and can be maintained by any mechanics because of its simplicity [3]. This way, low-income 
consumers do not have to commit to buy a brand-new vehicle and they can maintain it like any other 
conventional vehicles. 

A hybrid vehicle uses a regenerative braking system to recover the kinetic energy during braking, 
which can be reused later to propel the vehicle [16]. A hybrid hydraulic Vehicle (HHV) offers high 
power-density components for the high frequency regenerative braking, allowing the vehicle to 
recover large amounts of energy in a short period of time [4,11]. During braking, the vehicle 
momentum drives the hydraulic pump to charge the hydraulic accumulator, where the kinetic energy 
is stored as potential energy in the form of high-pressure fluid. During acceleration, the stored energy 
is used by releasing the high-pressure fluid in the accumulator to drive a hydraulic motor. 

HHV architectures can be classified into parallel, series, and power split [8,13]. The parallel 
architecture is the simplest of all three because it is similar to that of the conventional drive train, 
but is equipped with additional hydraulic hybrid components that allow regenerative braking. The 
through-the-road parallel architecture presented in this paper further simplifies the parallel 
architecture because it does not interfere with the front wheel drive conventional drive train [10].  

This paper optimizes the through-the-road parallel HHV components installed in a Perodua Myvi 
passenger vehicle. The optimization process involves the simulation of vehicle mathematical model 
with rule-based control strategy similar to the ones found in previous study [5]. The optimization 
runs the simulation for 972 times for one drive cycle to obtain the optimal combination of 
components. 
 
2. Methodology  
 

The through-the-road parallel HHV architecture places a regenerative braking system at the rear 
wheels and does not interfere with the conventional drive train. This allows the retrofitting of the 
hybrid system into a front-wheel-drive conventional vehicle, like a Perodua Myvi. The hydraulic 
hybrid system consists of a hydraulic pump, a clutch, an accumulator, a check valve, a pressure relief 
valve, a 3/2-way valve and a hydraulic motor (Figure 1). 
 

 
Fig. 1. Through-The-Road Parallel Hydraulic Hybrid Drive Train Hydraulic Circuit 
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During braking, the right wheel clutch is engaged to the hydraulic pump that charges the 
accumulator. A pressure relief valve is used to ensure the accumulator pressure does not exceed the 
maximum operating pressure of any of the components (14 MPa). A check valve is used to ensure 
the high-pressure fluid does not flow back to the pump. 

During acceleration, the 3/2-way valve is valve is moved, to release the high-pressure fluid from 
the accumulator and to drive the hydraulic motor at the left wheel. Simultaneously, the proportional 
valve is used, to control the motor's speed and torque.  

The sizes of the components involved in the regenerative braking process need to be optimized 
according to the vehicle’s demands. In this study, the HHV component optimization is done by 
simulating the vehicle's mathematical model with all the combinations of component sizes on various 
drive cycles to estimate their fuel economy. The component candidates are shown as follows. 
 
2.1 Hydraulic Pump 
 

The hydraulic pump is located at the right wheel, and is connected to a clutch, so that it can be 
disengaged when braking is not needed. There are three generic hydraulic gear pump candidates 
(Table 1). When the clutch is engaged, the pump is connected the right wheel via a gear box so that 
the pump is able to operate within its speed range. The gear ratio for GB1 is the ratio of the pump 
speed to the wheel speed (Eq. (1)). This is also included in the sizing simulation, with six possible 
candidates, which are: 4, 4.2, 4.4, 4.6, 4.8 and 5. 
 

Table 1 
Gear pumps candidates 
Pump displacement, Dp 
(cc/rev) 

Mass (kg) Min. speed (RPM) Max. speed 
(RPM) 

Max pressure 
(MPa) 

16.5 3.05 500 3000 25.0 
19.2 3.2 500 3000 25.0 
25 3.5 500 3000 25.0 

 
The hydraulic pump provides the high-pressure fluid flow, which its rate depends on the speed 

and the displacement (Eq. (2)). A volumetric efficiency (𝜂𝑣𝑜𝑙.) of 60% is included, to represent the 
internal leakage of the pump [14]. The pumping torque (𝑇𝑝) that would stop the vehicle depends on 

the HPA pressure (𝑃𝐻𝑃𝐴) (Eq. (3)). A mechanical efficiency (𝜂𝑚𝑒𝑐ℎ.) of 98% is also included to represent 
the friction loss in the pump. 
 
𝜔𝑝 =  𝜔𝑤 𝐺𝑅1             (1) 

 
𝑄𝑝 =  𝜂𝑣𝑜𝑙.𝐷𝑝𝜔𝑝             (2) 

 

𝑇𝑝 =
𝐷𝑝𝑃𝐻𝑃𝐴

𝜂𝑚𝑒𝑐ℎ.
              (3) 

 
where 
𝜔𝑝 = 𝑃𝑢𝑚𝑝 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 (𝑟𝑎𝑑𝑠−1) 

𝜔𝑤 = 𝑊ℎ𝑒𝑒𝑙 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 (𝑟𝑎𝑑𝑠−1) 
𝐺𝑅1 = 𝐺𝑒𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝐺𝐵1 
𝑄𝑝 = 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑎𝑐𝑟𝑜𝑠𝑠 𝑝𝑢𝑚𝑝 (𝑚3𝑠−1) 
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2.2 Hydraulic Motor 
 

The hydraulic motor is located at the left wheel, and is connected to a one-way bearing, so that 
it can be disengaged when the wheel speed exceeds its maximum speed. Three readily available 
orbital geroler hydraulic motors are tested in the simulation (Table 2). The motor is connected to 
gear box 2 (GB2), so that the motor can optimally deliver the torque during acceleration. The GB2 
gear ratio is the ratio of the motor speed to the wheel speed l (Eq. (4)). GB2 is included in the size 
optimization simulation with six candidates: 0.4, 0.6, 0.8, 1, 1.2, and 1.4. 
 

Table 2 
Orbital geroler motors candidates 
Motor displacement, Dm 
(cc/rev) 

Mass (kg) Min speed 
(RPM) 

Max speed 
(RPM) 

Max torque 
(Nm) 

Max pressure 
(MPa) 

50 12 0 755 100 14.0 
63 12 0 750 124 14.0 
80 12 0 630 190 17.5 

 
The hydraulic motor provides torque (𝑇𝑚), which depends on the HPA pressure (𝑃𝐻𝑃𝐴) and the 

displacement (𝐷𝑚) (Eq. (5)). The motor also requires fluid flow which its rate depends on its speed 
and displacement (𝐷𝑚) (Eq. (6)). Like the pump, a mechanical efficiency (𝜂𝑚𝑒𝑐ℎ.) of 98% and a 
volumetric efficiency (𝜂𝑣𝑜𝑙.) of 60% are included to represent the friction loss and internal leakage, 
respectively. 
 
𝜔𝑚 =  𝜔𝑤𝐺𝑅2             (4) 
 
𝑇𝑚 = 𝜂𝑚𝑒𝑐ℎ.𝐷𝑚𝑃𝐻𝑃𝐴             (5) 
 

𝑄𝑚 =  
𝐷𝑚𝜔𝑚

𝜂𝑣𝑜𝑙.
              (6) 

 
where 
𝜔𝑚 = 𝑀𝑜𝑡𝑜𝑟 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 (𝑟𝑎𝑑𝑠−1) 
𝐺𝑅2 = 𝐺𝑒𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝐺𝐵2 
𝑄𝑚 = 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑎𝑐𝑟𝑜𝑠𝑠 𝑚𝑜𝑡𝑜𝑟 (𝑚3𝑠−1) 
 
2.3 Hydro-Pneumatic High-Pressure Accumulator (HPA) 
 

A bladder type hydro-pneumatic accumulator is used to store the potential energy in the form of 
a high-pressure hydraulic fluid. The high-pressure accumulator (HPA) is set to operate at pressures 
between 7 MPa and 14 MPa. Three HPA candidates are simulated, to determine the optimal HPA size 
for the HHV (Table 3). 
 

  Table 3 
  High Pressure Accumulator size candidates 

HPA sizes (L) Mass (kg) Min pressure (MPa) Max pressure (MPa) 

10 40 7 14 
20 63 7 14 
35 102 7 14 
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The HPA pressure can be calculated by first calculating the total volumetric flow rate (𝑄𝑡), or the 
rate of change in the fluid volume inside the HPA, at every time step (Eq. (7)). Since the hydro-
pneumatic accumulator compresses the nitrogen gas by using a hydraulic fluid, the rate of change in 
the gas volume (∆𝑉𝑔) is equal to the negative of the rate of change in the fluid volume (∆𝑉𝑓) as shown 

in Eq. (8). 
Using iteration-discretization method in Eq. (9), the current HPA gas volume (𝑉𝑔(𝑡)) is calculated 

by adding the rate of change in the gas volume (∆𝑉𝑔) and the previous gas volume (𝑉𝑔(𝑡 − 1)). Next, 

the Ideal Gas Law for adiabatic process is used to determine the HPA pressure (Eq. (10)) and from 
there, the state of charge (SOC) of the HPA can be calculated (Eq. (11)). 
 

𝑄𝑡 =
∆𝑉𝑓

∆𝑡
=  𝑄𝑝 − 𝑄𝑚             (7) 

 
∆𝑉𝑔

∆𝑡
=  −

∆𝑉𝑓

∆𝑡
= −𝑄𝑡             (8) 

 

𝑉𝑔(𝑡) = 𝑉𝑔(𝑡 − 1) +
∆𝑉𝑔

∆𝑡
=  𝑉𝑔(𝑡 − 1) − 𝑄𝑡∆𝑡         (9) 

 

𝑃𝐻𝑃𝐴(𝑡) =  𝑃𝐻𝑃𝐴,𝑜 (
𝑉𝑔,0

𝑉𝑔(𝑡)
)

𝛾

                       (10) 

 

𝑆𝑂𝐶 =  
𝑃𝐻𝑃𝐴(𝑡)− 𝑃𝑚𝑖𝑛

𝑃𝑚𝑎𝑥− 𝑃𝑚𝑖𝑛
                       (11) 

 
where 
∆𝑡 = 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 (𝑠) 
𝑉𝑔,0 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑜𝑟 𝑔𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3) 

𝛾 = 𝐻𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠 𝑖𝑛 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑜𝑟 
𝑃𝑚𝑖𝑛 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑔𝑎𝑠 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑜𝑟 (𝑃𝑎) 
𝑃𝑚𝑎𝑥 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑔𝑎𝑠 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑜𝑟 (𝑃𝑎) 
 
2.4 Optimization Simulation 
 

There are 972 combinations of components, consisting of three pumps, three motors, six GR1, six 
GR2, and three accumulator candidates. The coding utilizes nested loops to build vehicle 
mathematical models for all 972 combinations. Each model is simulated on a class-3 vehicle WLTP 
drive cycle (Figure 2), to estimate their fuel economy values. A class-3b vehicle refers to a vehicle 
with a power-weight ratio exceeding 34kW/ton that has maximum speed more than 120 km/h [6]. 

The WLTP drive cycle consists of four segments, and each segment yields a different optimal HHV 
combination. The low region of a class-3 WLTP drive cycle represents the slow, stop-and-go traffic in 
a typical city. The medium region represents driving conditions in suburban areas, where vehicles can 
move faster, due to the roads being less congested. High and extra high regions represent high-speed 
highway traffic. The simulation is run, to find the best combinations of components on city, suburban, 
highway, and the entire class-3 WLTP drive cycles. 

 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 75, Issue 1 (2020) 104-111 

109 
 

 
Fig. 2. WLTP for Class-3 Vehicle Drive Cycle [6] 

 
Using the drive cycle as input, the simulation algorithm discretizes the speed into an array of one-

second time steps. At every time step, the average speed and acceleration of the vehicle from the 
drive cycle are fed into the vehicle model to calculate the acceleration, the tractive force, and the 
torque needed at the wheels [15]. From the wheel demand calculated, the load torque and the speed 
of the engine are determined by the rule-based control strategy [5]. The fuel consumption of the 
engine at the specific time step is then estimated using the fuel consumption engine map [3]. The 
simulation later calculates the fuel economy of the vehicle model running on a drive cycle segment. 
From the simulations of all 972 combinations of vehicle models, the combination with the highest 
fuel economy for most of the drive cycle segments is chosen to be our optimal-through-the-road 
parallel hybrid system. 
 
3. Results  
 

The larger the hydraulic components, the lower the fuel consumption, due to the regenerative 
braking. However, larger components would make the vehicle heavy, negatively affecting the fuel 
economy. Thus, the optimal fuel economy requires a balance between weight and component size. 
The 972 possible HHV combinations are simulated on four WLTP segments to find their fuel economy 
values. The HHV model that yields the highest fuel economy is the optimal component combination 
for that specific segment in the WLTP drive cycle (Table 4). 
 

Table 4 
Suitable vehicle model for segments of WLTP drive cycle 
Drive cycle Pump size 

(cc/rev) 
Pump gear 
ratio 

Motor size 
(cc/rev) 

Motor gear 
ratio 

HPA size (L) Fuel economy 
(MPG) 

WLTP low 25 2.8 50 1 10 48.30 
WLTP medium 25 2.8 50 1.8 10 47.07 
WLTP high 25 2.8 50 1 10 45.08 
WLTP extra high 25 2.8 50 1 10 35.26 
Full WLTP 25 2.8 50 1 10 41.41 
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The results show the most suitable hydraulic pump is 25 cc/rev, the optimal hydraulic motor is 50 
cc/rev and the best HPA is 10 L for all WLTP drive cycle segments. The optimal pump gear ratio is 2.8 
for all segments. For the hydraulic motor, however, the optimal gear ratio is 1 for all segments except 
for the medium WLTP segment, where the optimal gear ratio is 1.8. Thus, the chosen components 
are the 25cc/rev pump with the gear ratio of 2.8, the 50 cc/rev motor with the gear ratio of 1.0, and 
the 10L HPA. 

As the simulation of the optimal HHV on the full WLTP drive cycle shows, regenerative braking 
helps with vehicle braking and acceleration, especially during the city drive cycle (Figure 3), as 
evidenced by the SOC profile increasing during low-speed decelerations and decreasing during low-
speed accelerations. The highway segment of the drive cycle, on the other hand, does not allow the 
use of regenerative braking as evidenced by the SOC profile that stays flat most of the time step of 
the highway segment. This is because the hybrid system cannot work at high speeds, due to pump 
and motor physical limitations. 
 

 
Fig. 3. Simulation Results from Full WLTP Drive Cycle 

 
4. Conclusions 
 

The through-the-road parallel hydraulic hybrid architecture is a convenient method for improving 
fuel economy in readily available conventional vehicles. This paper presents the optimization of 
component sizes for a through-the-road parallel HHV. The chosen combination uses a 25cc/rev pump 
with a gear ratio of 2.8, a 50cc/rev motor with a gear ratio of 1.0, and a 10L HPA. The combination is 
optimal for all of the WLTP segments except for the WLTP medium. The chosen combination is 
acceptable, as it allows the pump and the motor to operate within their limits, and maximizes the 
use of regenerative braking throughout the full WLTP drive cycle. 
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