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Abstract: The power distribution strategy of hybrid power sources is an important issue for fuel cell
vehicles. A good power distribution control strategy can realize the optimal control of the vehicle
energy, which can save energy and improve the operating conditions of the power source. Therefore,
this article proposes a power distribution strategy. First, in order to solve the problems existing in the
existing fuel cell model and the lithium-ion battery model, an improved hybrid power system model
with better dynamic performance was established in the Simulink. Second, in order to ensure the
durability of the power system, operation constraints are added to the distribution strategy. Finally,
the power allocation is regarded as a nonlinear programming optimization problem and solved
by a nonlinear programming algorithm. The nonlinear programming algorithm selects the BFGS
algorithm. The simulation results of other control strategies in MATLAB show that the proposed
power distribution strategy greatly improves the durability of the vehicle and has good adaptability
under urban conditions. This distribution method can provide support for the actual application of
offline control strategies.

Keywords: vehicle engineering; fuel cell vehicle; lithium-ion battery; power distribution; nonlin-
ear programming

1. Introduction

A fuel cell is an electrochemical energy conversion device that converts energy from
chemical energy to electrical energy through an electrochemical reaction [1]. Fuel cells
have the advantages of high efficiency, low noise, and low emissions. However, the fuel
cell provides a slow power response, and its lifespan is impacted dramatically when the
demand power changes rapidly [2]. Therefore, current fuel cell vehicles usually adopt
a hybrid architecture of fuel cells and lithium-ion batteries. The architecture of fuel cell
vehicles and oil-electric hybrid vehicles is very similar, but the characteristics of fuel cells
and internal combustion engines are very different. The internal combustion engine can
cover all the working conditions of the car, and the addition of the battery as an auxiliary is
only to achieve the improvement of fuel economy. However, the fuel cell alone cannot cope
with all the working conditions of the car. The addition of a battery as an auxiliary is the
demand of the car’s power system. Hannan et al. [3] proved the feasibility of using fuel
cells and other auxiliary energy sources in light electric vehicles. The power distribution
strategy for hybrid power systems is a research hotspot that has converted the research
field of hybrid vehicles in recent years.

Modeling of hybrid architecture is the basis of research on power distribution. There
are three major categories of existing component modeling ideas: mechanism modeling,
experimental modeling, and hybrid modeling. The dynamic characteristics of mechanism
modeling are poor, and they are not fitted to system control research. ADVISOR (Advanced
Vehicle Simulator) has a variety of models according to different modeling ideas. Li et al. [4]
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proposed a power system model based on ADVISOR in order to shorten up-front working
time. The results show that this method will lack key parameters in the model operation
process, which will affect the subsequent formulation of control strategies. Wang et al. [5]
established a fuel cell hybrid system model that integrates the mechanism model and
experimental model. The model reduces the complexity of the past model, but it is not
suitable for control strategy verification. The power system model needs to have dynamic
characteristics and appropriate complexity. In addition, high-fidelity models suitable
for HEV are also being used. Sockeel et al. [6] proposed a high-fidelity battery model
for plug-in hybrid electric vehicles (PHEV) that has been used in MPC. In the simulation
model, the high-fidelity battery model and the simple model are compared, and parameters
such as absolute voltage, state of charge (SOC), and battery power loss error are analyzed.
Based on the hybrid energy storage system of light-duty hybrid electric vehicles, Sockeel
et al. [7] used the sensitivity analysis method to examine the relationship between model
fidelity and controller performance. The influence of the fidelity of the battery model on
the performance of the proposed PMS is analyzed.

Existing power distribution strategies can be divided into rule-based and optimization-
based methods [8–12]. Xiong et al. [13] compared three typical power management strate-
gies to obtain the performance of three types, which are based on rules, dynamic program-
ming algorithms, and real-time reinforcement learning algorithms. A hardware-in-the-loop
(HIL) simulation test bench has been established. The rule-based power distribution strat-
egy mainly be classified as the switching mode and the power following mode, and the
formulation of the rules is mainly based on the operating conditions of the vehicle. In
recent years, rule-based control strategies are rarely used because of the disadvantages of
settings that are too subjective. The optimization-based power distribution strategy plays
an important role in the fields of fuel cell vehicles. Hong et al. [14] presented a dynamic
programming algorithm strategy for the hybrid power source system. This article takes
into account the energy range SOC of the auxiliary energy which aims to keep energy stable.
The results indicate that the presented method has better dynamic properties and fuel
economy. Different strategies have different focuses, such as Tribioli et al. [15], developed
the controller for energy management of fuel cell/battery hybrid vehicles. The idea is a
real-time sub-optimal solution to minimize fuel consumption. Bizon et al. [16] proposed a
new switching strategy for load-following control and real-time optimization loops, which
aims to improve the fuel economy of the system. Hu et al. [17] proposed a hybrid fuel
cell vehicle allocation strategy based on a multi-objective optimization idea. The battery
capacity and fuel cell service life are optimized for the system life cycle cost. However, it
does not consider the power output of auxiliary energy and lacks constraints on the power
demand of auxiliary energy. Torreglosa et al. [18] proposed a power allocation strategy
that is based on the equivalent hydrogen consumption minimum principle method for the
hybrid fuel cell vehicles. Kermani et al. [19] used a global optimization algorithm based
on Lagrangian formalism in the model predictive control framework to formulate the
current demand distribution among hybrid power systems. Yu et al. [20] applied numerical
calculation methods (continuous and generalized minimum residual methods) to solve the
model predictive control problem. The effect of using the recommended control method
on improving fuel economy is analyzed.

These methods were designed to improve the fuel economy of the hybrid system
through optimization algorithms. The battery capacity and fuel cell service life for the sys-
tem life cycle cost are optimized. However, this article ignores the power source durability
when developing the power distribution strategy. Many research articles still set the power
distribution control strategy of fuel cell vehicles based on the idea of traditional oil-electric
hybrid vehicles. This is very inappropriate, because they are very different in nature. The
goal of traditional oil-electric hybrid vehicles is to achieve economic improvement. Existing
research articles still design the power distribution control strategy of fuel cell vehicles
based on economic goals, but the efficiency of the fuel cell itself is already very high, and it
is not appropriate to only consider the fuel cost of the fuel cell. At present, the cost of fuel
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cells is very high. At the same time, as an electrochemical device, the life of the fuel cell is
greatly affected by the operating conditions during use. Extending the life of hybrid energy
storage system should be the main research goal of power distribution control strategy.
Xu et al. [21] adopt the energy management strategy of Ponteriagin minimum principle
intending to solve the problems of both fuel economy and durability of the fuel cell hybrid
power system. However, this method does not analyze the cause of fuel cell life decline
from a mechanism level, and only proposes a single indicator of power fluctuation, which
lacks refinement on the setting of durability constraints.

As far as we know, there are few papers that take into account the working character-
istics of fuel cells and lithium-ion batteries. Therefore, this research is combined with our
previous work in system modeling and lithium-ion battery management system, trying
to refine the characteristics of fuel cells and lithium-ion batteries into constraints, so that
the economy and durability of the entire hybrid power system can be guaranteed. This
article proposes two goals: one is to extend the life of hybrid energy storage systems. The
second is to improve its economy. The goals of this article are prioritized, life goals are the
first priority, and economic goals are the second priority. Economic optimization can only
be carried out on the operating conditions that meet the life target. There are two original
contributions of this paper that can be clearly distinguished from the aforementioned works
of literature: First, a hybrid system model that satisfies nonlinear and time-varying charac-
teristics is established. Second, a strategy based on a nonlinear programming algorithm is
proposed. This strategy comprehensively considers the constraints of working conditions,
power state estimation, and remaining capacity, which has comprehensively considered
the power source durability of the hybrid system. The results indicate that, compared with
the existing rule-based strategy, the presented strategy can extend the lifespan.

The paper is organized as follows. The architecture of the fuel cell hybrid system and
model of lithium-ion battery and fuel cell are elaborated in Section 2. The output character-
istics of fuel cells and lithium-ion batteries are analyzed in Section 3. The mathematical
process of transforming this problem into an objective optimization problem is described in
Section 4. The simulation experiment results of the adopted control strategy are introduced
in Section 5. Finally, the conclusions are given in Section 6.

2. Model Framework of the Hybrid Power Sources
2.1. Power System Architecture

The hybrid power system mainly includes a fuel cell system, a lithium-ion battery
pack, a DC/DC converter, etc., and its system architecture is shown in Figure 1. As the
main energy source of the power system, the fuel cell outputs energy to the DC bus
through a DC/DC converter. As an auxiliary energy source of the power system, lithium-
ion batteries help fuel cells to suppress power fluctuations. Lithium-ion batteries can
output energy to the DC bus, and can also store brake recovery energy and excess energy
generated by fuel cells. The DC/AC converter completes the conversion of direct current
and alternating current.
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The power system architecture in this paper improves the fuel cell output characteris-
tics and enhances the dynamic response capability of the power system. The structure of the
hybrid power architecture is complex and requires a complete control strategy to control.

2.2. Fuel Cell Model

The equivalent circuit model of the fuel cell is shown in Figure 2. The behavior of
the fuel cell exhibits a high degree of nonlinearity, and its output voltage has three losses:
Activation losses due to reaction kinetics, Ohmic losses from ionic and electronic resistance,
and mass transport causes concentration losses [22]:

Vcell = ENernst + ηact + ηohmic + ηconc (1)

where Vcell represents the fuel cell voltage, ENernst represents the Nernst voltage of the fuel
cell, ηact represents the activation voltage loss, ηohmic represents the Ohmic voltage loss,
and ηconc represents the concentration voltage loss.
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Figure 2. Equivalent circuit model of PEMFC.

Proton exchange membrane fuel cells have an electric double layer phenomenon. The
hydrogen ions that pass through the interface are separated from the electrons. Since the
electrons gather on the surface of the electrode and the hydrogen ions gather on the surface
of the electrolyte, the voltage generated between them can work like a capacitor [23]. This
electrochemical reaction can be represented by the equivalent circuit model shown in
Figure 2. The voltage loss corresponding to the activation loss and the quality loss can be
calculated together.

The dynamic characteristic differential equation is expressed as:

dUCdl

dt
=

I f c

Cdl
−

UCdl

(Rconc + Ract) · Cdl
(2)

where Cdl represents the polarization capacitance, and UCdl represents the total polariza-
tion overvoltage.

2.3. Lithium-Ion Battery Model

The equivalent circuit model is selected in this paper in Figure 3. Furthermore, the
model is selected for its good dynamic characteristics, and accuracy and complexity are
all satisfied.
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The electrical behavior of the cell model can be described as follows:

v = OCV − R1 IR1 − R2 IR2 − R0 Ibat (3)

dIR1(t)
dt

=
1

R1C1
IR1(t)−

1
R1C1

Ibat(t) (4)

dIR2(t)
dt

=
1

R2C2
IR2(t)−

1
R2C2

Ibat(t) (5)

where v represents the cell terminal voltage, OCV represents the cell open-circuit voltage,
R1 and R2 represent the polarization resistance, C1 and C2 represent the polarization
capacitance of cell, R0 represents the Ohmic internal resistance of cell, IR1 and IR2 represent
the RC branch current, and Ibat represents the loop current.

Experimental data can be obtained through the lithium ion battery charge and dis-
charge test device shown in Figure 4. The OCV-SOC curve can be obtained through the
OCV-SOC calibration experiment. The voltage response of the lithium-ion battery to the
current change is obtained through the pulse charge/discharge, and the parameter identi-
fication through the least square method can obtain the relationship between the model
parameters and the SOC in the second-order RC equivalent circuit.
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3. Analysis of Characteristics of Hybrid Power Source
3.1. Fuel Cell Characteristics Analysis

The fuel cell is a complex dynamic system with multi-input, nonlinear and time-
varying characteristics. The operating conditions are key influence factors for the life
of the fuel cell system [24]. The constraints can ensure the fuel cell to work under the
right conditions, and its service life can be extended. In this section, we research the
characteristics of the fuel cell (include steady-state characteristics and characteristics under
dynamic conditions), and analyze the characteristics and corresponding mechanisms of
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fuel cell degradation and damage under different working conditions [25–27], and get the
relevant constraints.

Fuel cell operation at the head of the polarization curve corresponding to the current
density will lead to degradation of the catalytic layer. At the same time, its operation at the
end of the polarization curve corresponding to the current density will cause the electrode
surface current density distribution to be uneven. Constraints can be obtained from the
polarization curve of the fuel cell:

i f c,pol,min ≤ i f c ≤ i f c,pol,max (6)

where i f c represents fuel cell current density, and i f c,pol,min and i f c,pol,max represent current
density limits considering the influence of polarization curve.

To the right of the maximum power point, the power density shows a downward
trend, and its operating efficiency decreases. In actual operation, the fuel cell should avoid
working in this area. Obtain constraints through the fuel cell power density curve:

i f c ≤ i f c,pwr,max (7)

where i f c,pwr,max represents the current density limit considering the influence of maximum
power density.

The voltage and current of a fuel cell have a coupling relationship. When the current
changes, its voltage will change accordingly. Through the fuel cell Nernst equation, using
Taylor’s formula expansion can obtain current density constraint:

i f c ≤ i f c,vol,max (8)

where i f c,vol,max represent the current density limit considering the influence of termi-
nal voltage.

It can be seen from the efficiency curve that the efficiency of the fuel cell system is
very low when the power of the fuel cell system is small, so when the fuel cell is working
normally, it needs to operate in the most efficient area of the fuel cell system. Obtain the
constraints through the fuel cell efficiency curve:

i f c,e f f iciency,min ≤ i f c ≤ i f c,e f f iciency,max (9)

where i f c,e f f iciency,min and i f c,e f f iciency,max represent the current density limits considering
the influence of efficiency of the fuel cell system.

The current density of the fuel cell must meet various constraints:{
i f c,max = min(i f c,pol,max, i f c,pwr,max, i f c,vol,max, i f c,e f f iciency,max)
i f c,min = max(i f c,pol,min, i f c,e f f iciency,min)

(10)

The fuel cell voltage must also be within a certain range. If the voltage exceeds
the voltage limit, the fuel cell will be damaged. Fuel cell voltage must also be within a
certain range:

Vf c,min ≤ Vf c ≤ Vf c,max (11)

where Vf c represents the fuel cell voltage, and Vf c,min and Vf c,max represent the voltage
limits of the fuel cell.

Automobile load cycle is composed of start, idle speed, load change, high power
demand, and stop cycle. Among them, start and stop and load change are the most
important reasons for the aging of PEMFC [28–30]. Therefore, the number of start and stop
times and status and load power changes can become effective indicators for evaluating the
durability of PEMFC. In this paper, the role of lithium-ion battery is fully utilized, PEMFC
is set to continue to turn on, and the lithium-ion battery is used to absorb excess energy
to avoid life loss caused by startup and shutdown. Therefore, the load power change has
become the main indicator for evaluating the deterioration of fuel cell life. During the
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vehicle operating conditions, changes in the motor load will affect the temperature and
humidity of the proton membrane and the partial pressure of hydrogen and oxygen inside
the fuel cell. Because of these factors, the fuel cell proton membrane will be physically
damaged. It is necessary to set the fuel cell power fluctuation limit:

− P′f c_limit ≤ P′f c ≤ P′f c_limit (12)

where P′f c represents power change rate of the fuel cell, and P′f c_limit represents the power
change rate limit.

Based on the previous analysis results, the start–stop of the fuel cell will cause life
damage to the fuel cell. In order to avoid life damage caused by the start–stop of the fuel
cell, the fuel cell is set to not stop during operation, and the excess energy can be stored in
the lithium ion battery in. Therefore, the fuel cell needs to set the power output range:

Pf c,min ≤ Pf c ≤ Pf c,max (13)

where Pf c,min represents minimum output power of the fuel cell, this value is set to the
fuel cell idling power, Pf c,max represents maximum output power of the fuel cell, and Pf c
represents output power of the fuel cell.

3.2. Lithium-Ion Battery Characteristics Analysis

As an auxiliary energy source, lithium-ion batteries have a significant impact on the
performance of hybrid systems. The SOE (state of energy) is used to restrict the storage
energy range of the lithium-ion battery [31], and the power capability is restricted by the
SOP (state of power), so that the working performance and life of the lithium-ion battery
are guaranteed.

The SOE of the battery cell is defined as follows:

SOE(t) = SOE(t0) +
η
∫ t

t0
Ubat(τ)I(τ)dτ

E
(14)

where E represents rated energy of the battery, and η represents energy efficiency:

SOEmin ≤ SOE ≤ SOEmax (15)

where SOEmin and SOEmax represent limits of SOE.
SOP is an important indicator to predict the battery’s charge and discharge capabilities:

SOP =

{
Pchg

b,min = max(Pb,min, Vpack Ichg
b,min)

Pdchg
b,max = min(Pb,max, Vpack Idchg

b,max)
(16)

where Pchg
b,min and Pdchg

b,max represent the minimum power capability for charging and max-
imum power capability for discharging (define negative for charging and positive for
discharging), and Pb,min and Pb,max represent the cut-off power for charging and discharg-

ing. Ichg
b,min and Idchg

b,max represent the minimum charging current and maximum discharging
current that are affected by the designed current limits, the terminal voltage, and SOE:{

Ichg
b,min = max(Ichg,des

b,min , Ichg,volt
b,min , Ichg,SOE

b,min )

Idchg
b,max = min(Idchg,des

b,max , Idchg,volt
b,max , Idchg,SOE

b,max )
(17)

where Ichg,des
b,min and Idchg,des

b,max represent the designed current limits, Ichg,volt
b,min and Idchg,volt

b,max repre-

sent the current considering the influence of terminal voltage, and Ichg,SOE
b,min and Idchg,SOE

b,max
represent the current considering the influence of SOE.
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The calculation method of the above current is as follows:

Ichg,volt
b,min =

Vocv,k+L−U1,ke
−L∆t
R1C1 −U2,ke

−L∆t
R2C2 −Vb,max

R0+R1(1−e
−∆t

R1C1 )
L−1
∑

j=0
(e
−∆t

R1C1 )

L−1−j

+R2(1−e
−∆t

R2C2 )
L−1
∑

j=0
(e
−∆t

R2C2 )

L−1−j

Idchg,volt
b,max =

Vocv,k+L−U1,ke
−L∆t
R1C1 −U2,ke

−L∆t
R2C2 −Vb,min

R0+R1(1−e
−∆t

R1C1 )
L−1
∑

j=0
(e
−∆t

R1C1 )

L−1−j

+R2(1−e
−∆t

R2C2 )
L−1
∑

j=0
(e
−∆t

R2C2 )

L−1−j

(18)

{
Ichg,SOE
b,min = (SOEk−SOEmax)·E

η·L·∆t·Vk

Idchg,SOE
b,max = (SOEk−SOEmin)·E

η·L·∆t·Vk

(19)

where L represents continuous charge and discharge time (the value is 5s in the paper),
and ∆t represents the sampling time.

4. Mathematical Modeling of Optimization Problems

The essence of the power distribution control strategy is the optimization problem.
Its goal is to find a distribution plan that meets the cost target in the work area. In many
fields such as electric power and energy storage, nonlinear programming algorithms have
been well applied [32]. In this paper, the optimization results of power distribution can be
obtained through a nonlinear programming algorithm.

4.1. Objective Function

Fuel economy is an important characteristic of hybrid vehicles, and strategies aimed
at minimizing fuel consumption are common [33,34]. When considering the fuel cost
objective function, it is necessary to equivalently convert the electric energy consumption
value of the battery pack:

min f (x) = MH2_ f c

(
1 +

∫ T
0 IbatUbatdt∫ T

0 IstackUstackdt

)
(20)

where Ibat and Ubat represent current and voltage of the lithium-ion battery, Istack and Ustack
represent current and voltage of fuel cell, and r MH2_ f c represents hydrogen consumption
of the fuel cell.

The hydrogen consumption of fuel cell can be calculated as:

MH2_ f c =
∫ T

0
2.02× 10−3 P

2FVd
dt (21)

where P represents the power fuel cell, F represents Faraday constant, and Vd represents
the single fuel cell voltage.

4.2. Constraints

Establish the behavior boundary of the power source based on the analysis of the
characteristics of different power sources. In addition, the hybrid power system must meet
the power requirements of the vehicle, and the hybrid power system must be able to supply
the power required by the motor:

Pf cηDC/DC, f c + PbatηDC/DC,bat = Preq (22)

where Preq represents the required power of the motor; ηDC/DC, f c represents the efficiency
of the DC/DC converter connected to the fuel cell; and ηDC/DC,bat represents the efficiency
of the DC/DC converter connected to the lithium ion battery.
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All constraints of the nonlinear programming algorithm are as follows:

s.t. Pf cηDC/DC, f c + PbatηDC/DC,bat = Preq
SOEmin ≤ SOE ≤ SOEmax

Ichg
b,min ≤ Ibat ≤ Idchg

b,max
Vb,min ≤ Vbat ≤ Vb,max

Pchg
b,min ≤ Pbat ≤ Pdchg

b,max
i f c,min ≤ i f c ≤ i f c,max

Vf c,min ≤ Vf c ≤ Vf c,max
Pf c,min ≤ Pf c ≤ Pf c,max
−P′f c_limit ≤ P′f c ≤ P′f c_limit

(23)

where s.t. represents subject to, and constraints are based on the above analysis of the
characteristics of fuel cells and lithium-ion batteries. The formulation of these constraints
can ensure that the power source operates well.

4.3. Nonlinear Programming Algorithm Calculation Process

The mathematical model of nonlinear programming is:

min f (X)

s.t.
{

gi(X) ≥ 0, i = 0, 1, 2 . . . , m
hj(X) = 0, j = 1, 2, . . . , l

(24)

where s.t. represents subject to, X represents the vector or point in n-dimensional Euclidean
space; f (X), gi(X), and hj(X) represent the function defined in the space [35].

The quasi-Newton method is a classic method in nonlinear programming algorithms,
suitable for dealing with engineering problems. The BFGS algorithm (Broy-den, C.G.,
Fletcher, R., Goldforb, D., Shanno, D.F. algorithm) [36] is a kind of nonlinear programming
algorithm, which is used in this paper. The paper uses the fminunc function in MATLAB,
which can choose to use the BFGS algorithm to solve nonlinear problems. The BFGS method
is the most effective algorithm in the quasi-Newton method because the calculation amount
of each iteration is small while maintaining super linear convergence. Refs. [37,38] elaborate
on the convergence proof of the algorithm. The BFGS method replaces H−1 with a matrix
B−1 without the second derivative, and its quasi-Newton condition is:

∆xt = B−1
t+1 · ∆gt (25)

where ∆xt represents the distance of the iteration point, and ∆gt represents the gradient
difference of the iteration point.

The specific steps of BFGS method calculation are:

1. Determine the initial point x(0), allowable error ε, and the initial value of the approxi-
mate matrix B−1

0 .
2. Determine the search direction d(t) = B−1

t · gt.
3. Do a one-dimensional search along d(t) from the current point x(t) to obtain the

optimal step length λt and update the current point x(t+1) = x(t) + λt · d(t).
4. If |gt+1| < ε, stop the iteration; otherwise, go to step 5.
5. Calculate ∆g = gt+1 − gt, ∆x = x(t+1) − x(t) update the approximate matrix B−1

t+1.
t = t + 1, and go to step 2.

The BFGS algorithm calculation flowchart is shown in Figure 5. The power distribution
strategy calculation process is shown in Figure 6.
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After obtaining the required power of the motor, the hybrid power distribution control
strategy performs power distribution in four steps:

• Get the demand for motor power and input to the power distribution module with
the operating parameter of the power source.

• Determine the value of constraints. Some constraints are fixed, and some constraints
change in real time with the state of the power sources. Real-time calculations are
required for the value of constraints that change in real time. After the calculation, the
feasible field of the operation point is determined.

• The nonlinear programming algorithm solves the optimization problem based on
initial conditions and variable thresholds. The algorithm takes the initial point as
a starting point and performs a one-dimensional search along the search direction.
When the gradient difference is satisfied, the iteration is stopped and the power
distribution is over.

• Fuel cell and lithium-ion battery output power based on the allocated result and
feedback operating status. (Considering the calculation complexity and accuracy, this
paper assumes that the optimization result is constant within the unit interval of the
power distribution control strategy.)

5. Simulation Study

This article uses NEDC (New European Driving Cycle) and UDDS (Urban Dynamome-
ter Driving Schedule) as test conditions. NEDC is a synthetic driving condition formulated
in accordance with European operating conditions. The first half is a traditional urban
road driving condition, and the second half is an additional suburban driving condition.
UDDS is a synthetic driving condition formulated in accordance with American operating
conditions. This article uses a rule-based power distribution strategy for comparison. The
dynamic indicators and related parameters used in this paper are shown in Table 1. This
paper uses a rule-based power following power allocation strategy for comparison [39].

Table 1. Type of reference parameters of the powertrain system.

Parameter Value Parameter Value

Vehicle quality/kg 1400 Fuel cell rated
power/kW 30

Motor rated
power/kW 30 Battery rated

power/kW 60

Motor peak
power/kW 60 battery capacity/Ah 30

It can be seen from Figure 7 that the hybrid power system can meet the required
power regardless of the NEDC operating condition or the UDDS operating condition. In
the urban operating conditions in Figure 7a, four cycles of acceleration and deceleration
were performed. Taking the data of the first cycle as an example, the required power
increases at 20 s, 55 s, and 125 s. When the required power is small, all the constraints are
met. At 975 s, when conditions are not met, fuel cell power is limited because durability
has priority over the economy.
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It can be seen from Figure 8a that, in a working condition cycle, the nonlinear pro-
gramming algorithm keeps the SOE near a fixed value under the urban working condition.
When the vehicle load increases rapidly, the SOE drops faster; this is to avoid the rapid
change of the fuel cell power and make the lithium-ion battery output high power. The
lithium-ion battery needs to bear the high-power output, which brings buffer time for the
fuel cell system to increase the power, so that the fuel cell system can slowly increase the
power. The lithium-ion battery has the ability of high power output in a short time, and
such high power output will not affect its life span at all.
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It can be seen from Figure 8b that, when the output power increases rapidly, the
power of the fuel cell rises slowly, which is the result of corresponding constraints. The
disadvantage of the fuel cell system is not that it cannot output high power. Its disadvantage
is that it cannot output high power in a short time like an internal combustion engine.
Short-term power fluctuations will damage the life of the fuel cell. For example, a sudden
increase in airflow will result in dehydration of the proton exchange membrane, and a
sudden decrease in airflow will result in a large amount of water that cannot be discharged
with the airflow.

It can be seen from Figure 9a that, in the NEDC working state cycle, under the control
of the control strategy based on the optimized algorithm, the power fluctuation of the
lithium ion battery is more severe. This proves that the lithium-ion battery is responsible
for the power distribution. More. Correspondingly, the fuel cell system can obtain smaller
power fluctuations. The lithium-ion battery is like a buffer zone, which can output power
as much as possible when the power demand is large; when the power demand is small or
negative (recover braking energy), the excess power is recovered.
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It can be seen from Figure 9b that the voltage performance of the fuel cell is very soft,
and the voltage fluctuation caused by the change of the load current is relatively large,
so it can be seen that the voltage and power changes have a corresponding relationship.
The fuel cell voltage is in the safe range under the operating conditions of the two control
strategies. The control strategy based on the optimization algorithm makes the voltage of
the fuel cell change slowly and continuously, which helps to ensure its life.

The two control strategies are evaluated for economy and durability. It can be seen
from Table 2 that, under the two operating conditions, the control strategy using the
optimization algorithm is not economically superior to the rule-based control strategy.
Constraints set by considering the lifetime will limit the operating range of the hybrid
energy storage system, which reduces the operating range of the optimization algorithm.
The algorithm can only search for the best within the range that meets the life requirements,
which may not have economic advantages in terms of results, but the economic optimiza-
tion under the premise of life guarantee has been achieved. However, its power fluctuation
can be well suppressed. The standard deviation of its power fluctuation is 71.5% and 58.8%
based on the rule strategy. Due to the high cost of fuel cells, it is worthwhile to obtain a
substantial extension of fuel cell life with little loss of hydrogen consumption.

Table 2. Simulation comparison between the nonlinear programming strategy and power follow-
ing strategy.

Vehicle
Condition Control Strategy Equivalent Hydrogen

Consumption (kg)
Power Fluctuation

(kW)

UDDS Algorithm 0.115 1.084
UDDS Rule 0.099 3.799
NEDC Algorithm 0.107 1.524
NEDC Rule 0.102 3.696

In order to study the influence of the constraint SOP on the results, the simulation
results of adding and removing SOP are compared with the existing results, as shown in Ta-
ble 3. This paper finds that the power capability constraint SOP greatly improves durability
and economy. The use of SOP constraints can reduce high power shocks and extend the life
of the power source. The energy loss of the DC/DC converter is also reduced as well as the
fuel economy of the system is improved. The use of SOP constraints can reduce high-power
shocks and extend the life of the power source. The energy loss of the DC/DC converter is
therefore reduced, and the fuel economy of the system is improved. When SOP is used
as the power constraint of lithium-ion batteries, the equivalent hydrogen consumption in
NEDC and UDDS has dropped significantly. It can be seen from Table 3 that the equivalent
hydrogen consumption decreased by 12.3% after using SOP constraint compared with the
case without SOP. At the same time, its power fluctuation is also suppressed.
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Table 3. Simulation comparison of SOP.

Vehicle
Condition SOP Equivalent Hydrogen

Consumption (kg)
Power Fluctuation

(kW)

NEDC Without SOP 0.122 1.585
NEDC With SOP 0.107 1.524
UDDS Without SOP 0.131 1.147
UDDS With SOP 0.115 1.084

6. Conclusions

In this paper, based on the research of fuel cell hybrid electric vehicles, a simulation
model of the fuel cell hybrid system was established. Analysis of the characteristics of
fuel cells expands the constraints of fuel cell durability. The BFGS algorithm is used in
the formulation of power distribution control strategies. Simulation results show that
the formulated power distribution control strategies have good adaptability under urban
conditions. Compared with the rule-based control strategy, the power distribution control
strategy, which is based on the BFGS algorithm in this paper, makes the power source show
better durability and is suitable for engineering applications.
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