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Abstract
To validate the rationality of the powertrain configuration for a certain fuel cell
commercial vehicle, a model encompassing a hybrid energy source (including
fuel cell and battery pack), motor system (including drive motor and motor
controller), and vehicle transmission system (including final drive and wheels)
was constructed on the Matlab simulation platform based on the key param-
eters of this vehicle’s powertrain. A globally optimized energy management
strategy based on dynamic programming algorithm was employed, with three
loading modes—no-load, half-load, and full-load—established, and the European
typical driving cycle EUDC_{LOW} was adopted as the simulation condition
to analyze the vehicle’s power performance and fuel economy under different
loading modes. Simulation results demonstrate that under all three loading
modes, the hybrid energy source configuration can satisfy the vehicle’s power
demand under the specified driving cycle; however, as the vehicle load increases,
the terminal SOC of the battery pack gradually deviates from its initial value.
Considering that commercial vehicles need to operate under heavy-load condi-
tions for extended periods, a lower SOC is detrimental to maintaining optimal
vehicle power performance. The validation results for this vehicle model indi-
cate that in subsequent research and real vehicle validation, the configuration
of a higher-power onboard fuel cell should be considered.
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Abstract

To verify the rationality of power system selection for a fuel cell commercial
vehicle, a simulation model was constructed based on key parameters of the
vehicle’s power system. The model includes a hybrid energy source (compris-
ing fuel cell and battery pack), drive motor and motor controller, and vehicle
driveline (including final drive). A global optimization energy management
strategy based on dynamic programming algorithm was employed under three
load modes, using a typical European driving cycle as the simulation condition.

1. Introduction

As environmental pollution and energy security issues caused by traditional fos-
sil fuel combustion attract increasing attention, countries worldwide have intro-
duced new measures to alleviate these problems. The transportation industry,
a major energy consumer, is at a crossroads of industrial upgrading. Among the
main new energy vehicle configurations, hydrogen fuel cell vehicles have become
one of the most competitive candidates due to their zero pollution, renewable
fuel, high system efficiency, and long driving range characteristics [1-4]. How-
ever, due to the soft discharge characteristics and slow dynamic response of
fuel cells, a single fuel cell energy source cannot meet the complex and variable
driving environment requirements [5-7]. Therefore, fuel cell vehicles are gener-
ally equipped with an auxiliary energy source to work together with the fuel
cell. Typically, this auxiliary energy source consists of a single battery pack or
a single supercapacitor [8], though some scholars [9-10] have studied composite
auxiliary energy sources comprising both power batteries and supercapacitors.

In hydrogen fuel cell vehicles, power splitting among energy sources primarily
depends on the vehicle’s energy management system. Common energy man-
agement strategies include rule-based control strategies (including determinis-
tic rule-based strategies [11-12] and fuzzy logic rule-based strategies [13]) and
optimization-based strategies (including instantaneous optimization strategies
[14-15] and global optimization strategies [16-17]). Global optimization strate-
gies based on dynamic programming (DP) or Pontryagin’s Minimum Principle
(PMP) can obtain globally optimal control rules when future driving cycle in-
formation is known, thereby achieving optimal hydrogen consumption for the
current trip.

2. Vehicle Model Construction

2.1 Vehicle Longitudinal Dynamics Modeling When a vehicle travels on
a flat road, longitudinal forces play a decisive role in fuel economy. Therefore,
the model primarily considers the vehicle’s longitudinal dynamics while ignoring
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the effect of lateral dynamics on stability. During normal driving, the vehicle’
s driving resistance includes tire rolling resistance 𝐹𝑟, air resistance 𝐹𝑎, grade
resistance 𝐹𝑔, and acceleration resistance 𝐹𝑖. The vehicle driving force satisfies:

𝐹𝑡 = 𝐹𝑟 + 𝐹𝑎 + 𝐹𝑔 + 𝐹𝑖

The motor demand torque 𝑇𝑟𝑒𝑞, demand speed 𝜔𝑟𝑒𝑞, and required power 𝑃𝑟𝑒𝑞
are functions based on given vehicle parameters:

𝑇𝑟𝑒𝑞 = 𝑓(𝐹𝑡, 𝜂𝑓𝑑, 𝑟𝑤)
𝜔𝑟𝑒𝑞 = 𝑓(𝑣, 𝑟𝑤)

𝑃𝑟𝑒𝑞 = 𝑇𝑟𝑒𝑞 ⋅ 𝜔𝑟𝑒𝑞

where 𝑟𝑤 is wheel rolling radius, 𝜂𝑓𝑑 is final drive efficiency, and 𝑣 is vehicle
speed. Vehicle parameters are shown in .

2.2 Fuel Cell Modeling Common fuel cell simulation models include mech-
anism models, neural network models, and efficiency models. Considering sim-
ulation time constraints, the simplest efficiency model was selected. The fuel
cell efficiency curve can be obtained experimentally, as shown in [Figure 1: see
original paper]. The fuel cell hydrogen consumption rate is calculated as:

𝑚̇𝐻2
= 𝑃𝐹𝐶

𝜂𝐹𝐶 ⋅ 𝐿𝐻𝑉𝐻2

where 𝑃𝐹𝐶 is fuel cell power, 𝜂𝐹𝐶 is fuel cell efficiency, and 𝐿𝐻𝑉𝐻2
is the lower

heating value of hydrogen.

2.3 Battery Modeling The battery pack model adopts the widely used equiv-
alent circuit model shown in [Figure 2: see original paper]. In this model, the
battery is equivalent to an ideal voltage source 𝑉𝑜𝑐 in series with an internal
resistance 𝑅𝑖. The battery pack output power 𝑃𝑏𝑎𝑡 is:

𝑃𝑏𝑎𝑡 = 𝑉𝑜𝑐 ⋅ 𝐼𝑏𝑎𝑡 − 𝑅𝑖 ⋅ 𝐼2
𝑏𝑎𝑡

The battery pack State of Charge (SOC) change rate satisfies:

𝑑𝑆𝑂𝐶
𝑑𝑡 = − 𝐼𝑏𝑎𝑡

𝑄𝑛𝑜𝑚

where 𝐼𝑏𝑎𝑡 is battery current and 𝑄𝑛𝑜𝑚 is nominal capacity.
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2.4 Motor Modeling In fuel cell vehicles, the permanent magnet syn-
chronous motor serves as the sole device for converting electrical energy to
mechanical energy. When driving, the motor acts as a motor, converting
electrical energy from the fuel cell and battery pack into mechanical energy.
During braking, the motor acts as a generator, converting braking mechanical
energy into electrical energy to recharge the battery pack. Motor efficiency can
be described as a function (MAP) of torque and speed, as shown in [Figure 3:
see original paper].

3. Energy Management Strategy Based on Dynamic Programming

3.1 Dynamic Programming Algorithm The energy management opti-
mization for fuel cell vehicles can be regarded as a multi-stage decision problem.
Dynamic programming, as a mathematical method for solving multi-stage deci-
sion process optimization, can assist in completing vehicle energy management
global optimization [19-21].

Assuming a multi-stage decision problem exists, when the state variable at a
certain stage is determined, the system evolves from the initial state to the next
stage based on different decision variables, forming several policy sets. The
indicator function is defined as the fuel consumption of the entire driving cycle.
The optimal value function represents the minimum total cost from the current
stage 𝑘 to the terminal stage 𝑛.

3.2 State and Decision Variables In the fuel cell vehicle energy manage-
ment strategy, the battery SOC is selected as the system state variable, and
the fuel cell output power 𝑃𝐹𝐶 is the decision variable. The state transition
equation is:

𝑆𝑂𝐶𝑘+1 = 𝑆𝑂𝐶𝑘 + 𝑓𝑘(𝑆𝑂𝐶𝑘, 𝑃𝐹𝐶,𝑘)

The constraints on powertrain components are:

𝑃𝐹𝐶,𝑚𝑖𝑛 ≤ 𝑃𝐹𝐶,𝑘 ≤ 𝑃𝐹𝐶,𝑚𝑎𝑥

𝑃𝑏𝑎𝑡,𝑚𝑖𝑛 ≤ 𝑃𝑏𝑎𝑡,𝑘 ≤ 𝑃𝑏𝑎𝑡,𝑚𝑎𝑥

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶𝑘 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥

The indicator function is defined as the hydrogen consumption over the entire
cycle:

𝐽 =
𝑁−1
∑
𝑘=0

𝑚̇𝐻2
(𝑃𝐹𝐶,𝑘) ⋅ Δ𝑡

where Δ𝑡 is the time length of each stage.
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4. Simulation Results Analysis

The European standard driving cycle EUDC_{LOW} was used for simulation,
with the velocity profile shown in [Figure 4: see original paper]. Simulations
were conducted under three load modes: no-load, half-load, and full-load.

4.1 Power Performance Under Different Loads Simulation results show
that the hybrid energy source can meet the vehicle’s power requirements under
the specified driving cycle in all three load modes. However, as vehicle load
increases (half-load and full-load), the battery pack terminal SOC gradually
deviates from its initial value. For this vehicle verification, a larger on-board
fuel cell should be considered, as the current configuration is not conducive to
maintaining optimal dynamic performance.

The relationship between motor demand power and time under the three load
modes is shown in [Figure 5: see original paper]. The relationship between
battery pack output power and time is shown in [Figure 6: see original paper].

4.2 Economic Performance Under Different Loads The vehicle eco-
nomic performance simulation results under the three load modes are shown
in . The equivalent hydrogen consumption gradually increases with vehicle
mass. The battery pack’s SOC deviation from initial to terminal values is con-
verted to equivalent hydrogen consumption. As load mass increases, the battery
pack output power changes over a larger range, while the fuel cell output power
variation range is smaller.

In a single load case, the fuel cell operates at high power output for extended
periods, which is also the region of higher fuel cell efficiency. Part of the bat-
tery pack output power is used to meet motor demand, while another portion
is used for [Figure 7: see original paper]. Since motor demand power varies sig-
nificantly with load ([FIGURE:8(a), (b)]), the battery pack output power range
also changes accordingly.

5. Conclusion

Taking a fuel cell commercial vehicle from Dongfeng Liuzhou Automobile Co.,
Ltd. as the prototype, this study employs a global optimal energy management
method based on dynamic programming to verify the vehicle’s power and econ-
omy performance. Simulation results indicate that:

1. The hybrid energy source can meet the power requirements for normal
driving under the given cycle in no-load, half-load, and full-load modes.

2. As vehicle load increases, the battery pack SOC deviation from its initial
value increases, leading to higher equivalent hydrogen consumption.

3. Considering that heavy commercial vehicles operate under large loads for
extended periods, which is detrimental to maintaining optimal dynamic
performance and may even cause the vehicle to fail to operate normally,
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future research and vehicle development should adapt fuel cells with larger
peak power to improve vehicle power and economy performance.
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