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 Abstract

The hybridisation of fuel cells (FC) and battery in electric vehicles necessitates designing an 

energy management system (EMS) for optimal energy use of the two power sources. The EMS 

represents a high-level controller (HLC) calculating the optimal power split between the two 

power sources, using a prediction model for the vehicle’s electric load over a planned journey 

trajectory. However, the instantaneous actual power demand of the vehicle is likely to deviate 

from the prediction due to varying traffic circumstances. This power offset needs to be 

compensated for whilst the optimality is still considered. A control approach is proposed here 

that converts the optimal power split into a dimensionless power split ratio (PSR). This ratio is 

passed to a low-level controller (LLC) to be implemented as a set-point. The LLC is responsible 

for simultaneously controlling the power of the FC and the battery using solely one control 

element, which is the DC-DC boost converter. The PSR will be maintained whatever the actual 

power demand of the vehicle is. This approach will result in a fully controlled optimal power 

utilisation so that the high efficiency of the battery and the extended range enabled by the FC 

system are used to best effect. 

Keywords: Battery Electric Vehicle, Fuel Cells, Fuel Cell Systems, Fuel Cell Hybrid Electric 

Vehicle, Power Split Control, Fuel Cell Power Control, DC-DC Converter, Electric Powertrain 

Control, Energy Management.
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1 Introduction

Hydrogen is the energy vector for the future and will play an important role in decarbonising 

the transport sector and many other industries. The efficiency of fuel cell powertrains is 

questionable in comparison to pure battery electric powertrains [1]. However, fuel cell vehicles 

(FCV) have the advantage of extended range and zero emissions when green hydrogen gas is 

the fuel.

In the automotive industry, reducing emissions from vehicles has become an important 

challenge.  Worsening urban air quality and the global impacts of CO2 have put pressure on 

governments to introduce legislation such as the EURO VI, which aims to significantly reduce 

pollution from vehicles [2]. One solution is the electrification of vehicles such as hybrid electric 

vehicles (HEV), battery electric vehicles (BEV), plug-in hybrid electric vehicles (PHEV), and 

fuel cell hybrid electric vehicles (FCHEV) [3,4]. These technologies are important due to their 

low or zero exhaust emissions and potential to reduce or eliminate the use of diminishing fossil 

fuel supplies [5].  FCHEVs are a technology of particular interest as the battery and fuel cell 

(FC) can work together, efficiently, to extend the driving range and provide the advantages of 

hybridisation such as: regenerative breaking, improvement of transient power demand, and 

ability to optimise the vehicle performance [6]. 

In FCHEVs the FC and the battery can run independently or together to supply the power to the 

vehicle.  When there are two energy sources this can lead to a complicated power flow, which 

requires an advanced energy management system (EMS). The aim of this investigation was to 

design a high-level EMS capable of maximising vehicle efficiency within a number of 

constraints while maintaining drivability.  In FCHEVs, the high-level energy management 

problem often requires information of the state of charge (SoC) of the battery and the hydrogen 

inventory to determine the optimal power split between the FC and battery.  Model predictive 

control (MPC) is one control strategy capable of using a prediction of the future driving 
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conditions with a SoC plan to achieve optimal energy use for a FCHEV [7].  The predictive 

aspect and the ability of an MPC to handle uncertainty is why it was chosen for the proposed 

EMS.

Most of the previous work in literature has tested specific research methodologies by finding 

the optimal power split for a pre-defined drive cycle. In the real world, a known drive cycle 

would not be available unless after finishing the journey of the vehicle. Obviously, such 

approaches undergo loss of optimality conditions when the real circumstances during driving 

do not match with the proposed drive cycle. In short, the uncertainty of the drive cycle 

prediction is not considered in these approaches.  The MPC algorithm in this study seeks to find 

the optimal power split between the fuel cell and the battery based on the economic value of 

energy while respecting the operational constraints of power and energy for these two energy 

sources.

2 Scientific Approach

The energy management in this study is implemented by a model predictive control (MPC) 

algorithm, as a model-based approach. The MPC algorithm is applied to find the optimal power 

split between the FC stack and the battery over a planned trip from point A to point B, 

considering the energy inventory on-board the vehicle for both hydrogen tank and the SOC of 

the battery,  and also considering any operational constraints. The EMS was simulated on the 

LabVIEW platform using multiple LabVIEW vi loops to mimic the powertrain components and 

apply the MPC algorithm. In LabVIEW, each loop can run at different sampling time and the 

synchronisation of input and output data to and from these loops is achieved using LabVIEW 

global variables. This approach enables the simulation to run each model independently from 

others. For example, the power split controller is required to run at a high sampling rate that is 

close to real-time control. While updating, the Sat-Nav data could be read at a far lower rate. 
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Figure 1 explains the simulation architecture for this study. The LabVIEW global variables pool 

is accessible to all other vi loops and each loop can read and write from and to the pool to update 

the simulation results. This approach will facilitate later substituting each loop with its 

corresponding input/output data from real-world hardware units (‘hardware in the loop’). For 

example, the LabVIEW loop that simulates the hydrogen tank can be removed and substituted 

by real-world measurements of hydrogen usage and tank content. Obviously, this will require 

introducing a new vi loop that measures the hydrogen flow rate and hydrogen tank pressure.

The required prediction models for the MPC algorithm are vehicle model, route model, 

hydrogen tank model, and the battery model. 

2.1 Vehicle Model

This is a mathematical model that predicts power demand of the vehicle as a function of vehicle 

speed, acceleration, and road gradient. The model also includes design parameters of the vehicle 

such as the mass, aerodynamic drag area, etc. and the combination of all forces exerted on the 

vehicle system [8,9], as described in Eqs. (1-5) below. 

𝑃𝑣(𝑡) = (𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑔𝑟𝑎𝑑𝑒 + 𝐹𝑟𝑟 + 𝐹𝑖) 𝑣(𝑡) (1)

and

𝐹𝑎𝑒𝑟𝑜 = 0.5 𝜌𝐶𝑑𝐴𝑓𝑣2(𝑡) (2)

𝐹𝑔𝑟𝑎𝑑𝑒 =  𝑚𝑔𝑠𝑖𝑛(𝜃) (3)

𝐹𝑟𝑟 =  𝑚𝑔𝐶𝑟𝑟 (4)

𝐹𝑖 = 𝑚𝑎 (5)

where, , , and  are the aerodynamic, gradient, rolling and acceleration  𝐹𝑎𝑒𝑟𝑜 𝐹𝑔𝑟𝑎𝑑𝑒  𝐹𝑟𝑟,  𝐹𝑖

resistances, respectively.  is the air density,  is the drag area, is the vehicle velocity, 𝜌 𝐶𝑑𝐴𝑓 𝑣(𝑡) 

 is the vehicle mass,  is the gravitational acceleration,  is the road gradient,  is the rolling 𝑚 𝑔 𝜃 𝐶𝑟𝑟
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resistance coefficient, and a is the vehicle acceleration. A LabVIEW model, Figure 2, is used 

for predicting the power and energy demand for each route segment.

For the purpose of the simulation, another LabVIEW loop is required to simulate a real-time 

motor load measurement, which will vary according to vehicle acceleration, speed, and traffic 

conditions.

2.2 Route Model

The Sat-Nav data provides an estimation of the total distance of the current trip and the number 

of the route segments with their distances and gradients. It can also provide a recommended 

speed on each route segment depending on whether travel is in an urban area or on the 

motorway. The Sat-Nav data can be obtained from a map service such as Open Street Map, or 

any third-party service such as EV trip planner [10].

In order to distinguish between what is certain and what is uncertain in the prediction, route 

segment distances are considered as certain data as they are geographical information. The best 

estimation for the time required to pass each segment is assumed to be based on traffic 

regulations. However, the actual speed will be subject to driver behaviour and accordingly, the 

power requirement also depends on this. Figure 3 shows the power of the vehicle when it 

accelerates from rest to a speed of 60 miles per hour (~27 m s-1). The higher the acceleration, 

the higher the load on the electric machine of the vehicle. When the desired speed is attained, 

no acceleration power will be required, hence the power requirement will be limited to 

overcome aerodynamic, gradient, and rolling resistances. Therefore, maintaining the vehicle at 

a constant speed of 27 m s-1 will require the same amount of power whatever the acceleration 

was followed to attain this speed. 

The huge difference between power spikes due to acceleration and the steady state power 

required to maintain a constant speed justifies the need of hybridisation of the powertrain. The 
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size of the fuel cell could be chosen to fulfill the energy supply at steady state vehicle speed, 

while transient peaks could be supplied by transient power sources like a supercapacitor and/or 

a battery. The hybridisation with a FC stack will offer an extended range for the powertrain 

system due to the ability of storing a high amount of fuel owing to the high gravimetric energy 

density of hydrogen [11]. 

2.3 Fuel Cell

The polymer electrolyte fuel cell (PEFC) voltage and power are modelled by a well-known 

formula in the literature, which is the FC polarisation curve [12,13]. This formula describes the 

FC voltage in terms of the Nernst potential and FC losses that are functions of FC current, Eqs. 

(6-7).

𝑉𝐹𝐶 = 𝑁𝑐𝑒𝑙𝑙 [𝐸𝑁𝑒𝑟𝑛𝑠𝑡 ― 𝜂𝑎𝑐𝑡 ― 𝜂𝑜ℎ𝑚 ― 𝜂𝑐𝑜𝑛𝑐 ] (6)

𝑃𝐹𝐶 = 𝑉𝐹𝐶 ∙ 𝐼𝐹𝐶 (7)

 FC stack efficiency can also be expressed in terms of hydrogen thermoneutral potential and the 

actual stack output voltage, Eq. (8).

𝜂FC =
𝑉𝐹𝐶  

 1.48 ×  𝑁𝑐𝑒𝑙𝑙 
(8)

2.4 The Battery

A discrete power integrator model is used for modelling the state of charge (SoC) of a lithium-

ion battery [14,15]. The battery model is implemented using a separate integral loop with a 

sampling time of 50ms independent from other loop sampling times. A change in SoC is 

calculated by the balance of battery charging energy (negative) or discharging energy (positive) 

to the battery Watt-hours capacity, as shown in Eqs. (9-10). 

SoC𝑘 + 1
 = SoC𝑘

 ―
𝛼 𝑃𝑘 

𝐵   𝑡 
𝑠7

3600  𝐶 
𝑊ℎ

(9)
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𝛼 = {1 𝜂 
𝑑𝑖𝑠           𝑃 

𝐵 > 0
 

𝜂 
𝑐ℎ                𝑃 

𝐵 < 0
(10)

The battery efficiency is a function of the battery temperature, charging or discharging load, 

and the current SoC [16,17]. An average charge and discharge efficiency of 0.98 and 0.99 are 

assumed, respectively [18,19].

For the MPC algorithm, the SoC is mapped over the prediction horizon by Eq. (11) depending 

on the battery power usage and the estimated time intervals  required to travel across road 𝑡𝑖
 

segments. Battery efficiency is not considered in Eq. (11) in order to simplify the design of the 

controller and since the battery efficiency depends on the direction of battery power flow. 

Power supplied by the battery is an optimisation variable in this case and is required to retain 

the linear form of the optimisation problem. 

SoC𝑖
 = SoC0

 ―
𝑁

∑
𝑖

𝑃𝑖
𝐵  𝑡𝑖

 

3600  𝐶 
𝑊ℎ

(11)

2.5 H2 Tank 

Hydrogen gas status in moles is modelled by another LabVIEW integral loop depending on FC 

electrical current.

𝑀𝑘 + 1
H 

2 = 𝑀𝑘
H 

2 ―
 𝑁𝑐𝑒𝑙𝑙 𝐼𝑘

𝐹𝐶 𝑡 
𝑠3

2𝐹  
(12)

For the MPC algorithm, the hydrogen tank inventory over the prediction horizon is estimated 

as a function of FC power, the higher heating value of hydrogen, the average FC efficiency, 

and the estimated time intervals, as in Eq. (13).

𝑀𝑖
H 

2 = 𝑀0
H 

2 ―
𝑁

∑
𝑖

𝑃𝑖
𝐹𝐶  𝑡𝑖

 

  𝜂 
𝐹𝐶 ∆𝐻 

H 
2 

(13)
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The accuracy of estimate for the SoC and hydrogen inventory at any point of car journey 

depends on the accuracy of the time intervals estimated for road segments. Therefore, a detailed 

Sat-Nav data set will enable the controller to make better decisions to improve the energy 

management. Nevertheless, the detailed and prolonged Sat-Nav data will add computational 

burden due to an increase of optimisation variable number, hence, a more powerful computer 

processors are required.

3 FCHEV Powertrain

The powertrain of the vehicle consists of the fuel cell stack and the battery pack. These two 

power sources are connected to a DC bus through which power is supplied to the vehicle’s 

electric motor. Figure 4 shows the design of the proposed powertrain of the FCHEV. The driver 

controls the speed or the torque of the motor by a DC/AC inverter. Therefore, the real power 

demand will depend heavily on driving behaviour and driver attitude following real-world 

traffic. 

The fuel cell delivers an unregulated voltage according to the polarisation curve of the stack, 

and therefore a power conditioning stage is required to control the voltage of the FC power 

delivered to the DC bus. The DC-DC boost converter interfaces the FC terminals with the other 

powertrain components. The converter can operate in three control modes, which are voltage-

mode control, voltage-mode with current limit control, and current-mode control. In this study, 

the converter is selected to operate in current-mode control to regulate the FC power.  

It should be noted that not only the boost converter can control the power balance on the DC 

bus. The motor control unit, which could be a bi-directional inverter, can regulate regenerative 

power of the motor during vehicle deceleration and breaking events. In these events, the motor 

will act as an energy source and the inverter can play the role of a second control element to 

regulate the charging process of the battery or a supercapacitor.  A comprehensive control 
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strategy for these two control elements will provide full controllability of the energy flow across 

the DC bus. However, the role of the inverter as a regenerative controller is not considered in 

this study, and the proposed design aims only to investigate and introduce add-on control 

capabilities for the DC-DC boost converter.

4 Power Split Controller

In order to implement an FCHEV EMS, a power split controller (PSC) is required to control 

the power output from the fuel cell and the battery simultaneously. The overall control system 

comprises of multi-level of control. That includes a low-level control (LLC) responsible for 

controlling FC load with respect to the battery load and a supervisory high-level control (HLC) 

responsible for the EMS. The LLC applies a novel control approach developed under UK Patent 

Application No. 1903895.9

The LLC power split controller has been tested experimentally by prototyping the novel 

approach on the LabVIEW platform using the National Instruments NI PXI-8105 embedded 

controller with NI PXI-6259 DAQ-card. The performance of the LLC against different power 

set points for the FC and the battery is shown in Figure 5. The FC and the battery power set 

points are attained very well and maintained so that the sum of power from the two sources is 

equal to the motor load, provided that these powers are subject to power electronic losses. Zero 

battery contribution to the motor load can be achieved when it is required and decided by the 

EMS. Also, positive and negative power (discharging and charging) of the battery can be 

controlled effectively and more importantly using only one control element, which is the DC-

DC converter of the FC. The converter used in this prototype is a boost converter operating in 

current-control mode. A detailed description of the PSC with the novel control approach will 

be published subsequently. 
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5 Range Extender 

The plug-in feature of the powertrain decides which one of the power sources will act as a range 

extender. For plug-in FCHEVs, the battery can be charged from an external power source, such 

as the grid, during car parking time at night. Such external power source will be a cheaper 

source of energy and therefore the priority of power supply would be preferred to be from the 

battery rather than from the fuel cell, which will then be considered as the range extender in 

this case. While for a non-plug-in configuration, the main and only energy source on-board the 

vehicle will be the FC stack which provides energy for the motor load demand plus providing 

charging energy for the battery when required. Hence, the battery will be the range extender in 

this case. In this paper, a plug-in powertrain configuration is considered and upon that the 

control objectives are designed to reflect the energy supply priority of the battery over the FC. 

6 Model Predictive Control (MPC)

MPC is an advanced and flexible control algorithm which makes use of a process model to find 

the optimal trajectory of control moves over a prediction horizon.  Formulating an MPC control 

problem starts with defining a cost function consisting of pre-defined performance indices or 

control objectives. Finding the optimal minima of the cost function subject to operational and 

safety constraints results in control moves that provide optimal system performance while 

respecting the limits defined by the constraints [20]. 

A supervisory high-level controller (HLC) is needed to calculate the power set points for the 

LLC for the FC and the battery. The HLC is based on an MPC algorithm to calculate the optimal 

power split between the two power sources. The MPC adopts a feedforward principle by 

predicting the power and energy requirements of the vehicle. An important issue that requires 

attention in designing the controller is the uncertainty of the prediction. The uncertainty has 

been dealt with in this work by converting the optimal power split between the fuel cell and the 

battery into an optimal power split ratio (PSR). The PSR will be implemented and sustained by 
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the LLC, taking into account the offset for a deviation between power prediction and 

instantaneous real load demand of the vehicle. This approach of collaboration between the HLC 

and LLC will result in a novel adaptation of optimality control that is subject to uncertainty of 

the vehicle model and the Sat-Nav data. Figure 6 shows a diagram of the proposed energy 

management controller. The control element in this configuration is the DC-DC boost converter 

of the FC. The converter is controlled directly by the LLC using a current-control mode of the 

converter that regulates the input current, which is the FC stack DC output current. The LLC 

and HLC are interconnected in a master/slave hierarchy. 

7 Cost Function and Constraints

The design of the MPC controller starts with constructing a cost function with constraints. The 

cost function and the constraints are required to be represented in terms of control variables  𝑃 
𝐹𝐶

and . Linear and simplified formula for the cost function and the constraints are preferred 𝑃 
𝐵𝑎𝑡

so that a linear solver can be used. The cost function consists of performance indices that 

penalise the deviation from a trajectory of load demand prediction for the vehicle, also 

consisting of performance indices that provide costing of supplying power from each of the two 

power sources. In this study, the proposed cost function contains four performance indices 

shown in Eq. (14).

𝐦𝐢𝐧 𝑱 =  
𝑁

∑
𝑖 = 1

[𝑤1(𝑃𝑘 + 𝑖
𝑣 ∗ ― 𝜂 

𝑐 ∙ 𝑃𝑘 + 𝑖
𝐹𝐶 )2 + 𝑤2(𝑃𝑘 + 𝑖

𝑣 ∗ ― 𝑃𝑘 + 𝑖
𝐵 )2

+  𝑤3(𝑃𝑘 + 𝑖
𝐹𝐶 )2 + 𝑤4(𝑃𝑘 + 𝑖

𝐵 )2]
(14)

where  are the vehicle, FC, and the battery power, respectively, and   are 𝑃 
𝑣 ∗ , 𝑃 

𝐹𝐶, 𝑃 
𝐵 𝜂 

𝑐, 𝑘, 𝑖, 𝑁

the DC-DC converter efficiency, the current sampling time, road segment number, and the total 

number of segments, respectively.   are weighting factors of the performance 𝑤1, 𝑤2, 𝑤3, 𝑤4

indices which can be used for tuning the performance and shifting the control actions and the 

optimality towards the desired control objectives.

Page 12 of 37

Wiley-VCH

Fuel Cells

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

The third and fourth performance indices provide a relative preference of supplying power from 

the FC or from the battery.  The weightings,  and , are based on the relative monetary 𝑤3 𝑤4

costs of the two power sources. The comparative cost of running a FC and battery have been 

examined in [21].  The results of this investigation showed that the relative costs are likely to 

change with future cost reductions for FCs. However, for 2020 it is expected that for a midsize 

vehicle the operating cost of the FC and battery will be approximately 0.25 and 0.043 £ km-1, 

respectively. The ratio of these costs is approximately 6:1, and this ratio is used for evaluating 

 and  so that they give preference to the use of the battery to minimise the cost function, 𝑤3 𝑤4

unless the operation is outside of the constraints of the battery. The final weightings for the cost 

function are 1, 1, 6, 1, respectively. 

The optimisation variables  and  are forwarded to the LLC as set points for the FC stack 𝑃 
𝐹𝐶 𝑃 

𝐵

and the battery. The minimisation of the cost function is subject to operational constraints which 

dictate the controller output to not violate defined safety and/or physical limits. The following 

constraints are applied:

           (equality constraint)𝑃𝑘 + 𝑖
𝐵 + 𝜂 

𝑐 𝑃𝑘 + 𝑖
𝐹𝐶 = 𝑃𝑘 + 𝑖

𝑣 ∗ (15)

     (inequality constraints)

0 ≤ 𝑃𝑘 + 𝑖
𝐹𝐶 ≤ 𝑃𝑚𝑎𝑥

𝐹𝐶
 

𝑃𝑚𝑖𝑛
𝐵 ≤ 𝑃𝑘 + 𝑖

𝐵 ≤ 𝑃𝑚𝑎𝑥
𝐵

 
𝑀𝑚𝑖𝑛

𝐻2 ≤ 𝑀𝑘 + 𝑖
𝐻2

 
𝑆𝑜𝐶𝑚𝑖𝑛

 ≤ 𝑆𝑜𝐶𝑘 + 𝑖
 ≤ 𝑆𝑜𝐶𝑚𝑎𝑥

 

} (16)

(17)

(18)

(19)

The equality constraint forces the optimisation process not to calculate power set points for the battery 

and FC that exceed the power demand of the vehicle. This is consistent with the fact that the load of the 

motor represents a physical limit for the combined FC and battery powers. The efficiency of the 

converter is included here because the FC is not directly contributing to DC load demand at the DC bus, 

hence converter losses have to be included.  

The constraints in Eq. (16) define the physical limit of zero FC power, that is, FC power cannot 

be negative. Also, Eq. (16) provides a safety limit of maximum FC power. The constraints in 
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Eq. (17) provides safety limits of the battery discharging and charging power. Since the 

charging process is aimed to be controlled by another control element (not by the DC-DC boost 

converter of the FC), the constraint  is neglected in this study. The same is applicable to 𝑃𝑚𝑖𝑛
𝐵

the constraint . The constraints  and  are aimed at defining the energy 𝑆𝑜𝐶𝑚𝑎𝑥
 𝑀𝑚𝑖𝑛

𝐻2 𝑆𝑜𝐶𝑚𝑖𝑛
 

management for the energy assets on-board the vehicle.

The uncertainty of the power prediction is considered only for the current road segment where 

a measurement of motor electrical load is available. The uncertainty is compensated for by 

introducing an error term into the prediction model, as in Eq. (20).

𝐦𝐢𝐧 𝑱 =  
𝑁

∑
𝑖 = 1

{𝑤1[(𝑃𝑘 + 𝑖
𝑣 ∗ + 𝜀 

𝑃𝑣) ― 𝑃𝑖𝑑
𝑣 ― 𝜂 

𝑐 ∙ 𝑃𝑘 + 𝑖
𝐹𝐶 ]2

+ 𝑤2[(𝑃𝑘 + 𝑖
𝑣 ∗ + 𝜀 

𝑃𝑣 ) + 𝑃𝑖𝑑
𝑣 ― 𝑃𝑘 + 𝑖

𝐵 ]2 + 𝑤3(𝑃𝑘 + 𝑖
𝐹𝐶 )2 + 𝑤4(𝑃𝑘 + 𝑖

𝐵 )2}
(20)

where  is the error of the prediction after a measurement of real vehicle load demand was 𝜀 
𝑃𝑣

available. 

𝜀 
𝑃𝑣 = 𝑃 

𝑣 ― 𝑃 
𝑣 ∗ (21)

 is a term introduced to the cost function in order to shift the optimality toward supplying 𝑃𝑖𝑑
𝑣

low levels of vehicle electrical load from the battery solely, for example, when the vehicle stops 

and its load is limited to the idle power of the vehicle auxiliaries [22]. Also, this term can be 

utilised to bias the priority of power supply toward the battery to avoid operating the FC at low 

power levels of the motor. Low power demand would likely result in the FC system to operate 

in a low system efficiency region, as shown in Figure 7.

It should be noted that the classical MPC algorithm applies the concept of receding horizon 

which moves a constant prediction horizon one step ahead at every sampling time [23]. This 

concept has been modified in this study. For our system of travelling vehicle, the open 

prediction horizon is not applicable because as the vehicle approaches the end of the trip the 

remaining road length gets shorter and therefore the road segments ahead are reduced. A 
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decreasing horizon is applied instead which is more realistic with the pre-defined Sat-Nav data 

acquired at the beginning of the journey. Thus, the size of the cost function decreases as well 

and therefore the computational burden is lightened with every route segment passed.

A linear quadratic programming solver is used for solving the cost function. The solving time 

of the optimisation step in the MPC defines the limits of sampling rate for the control loop. For 

the quadratic solver, the optimisation problem is required to be formulated in vectors and matrix 

notations. Eq. (20) can be re-written in vector notation as in Eq. (22)

𝑱 =
1
2[𝑷FC  ;𝑷B]T  𝑯   [𝑷FC  ;𝑷B] ― [𝑷FC  ;𝑷B]T 𝒇 (22)

where  is the quadratic term matrix of Nx2N size,  is the linear vector term of the quadratic 𝑯 𝒇

equation of size 2Nx1.  is the optimal control trajectory of size 1x2N for the FC and [𝐏FC  ,𝐏B]

the battery, respectively, as shown in Eq. (23). 

         [𝑷FC  ;𝑷B] = [𝑃𝑘 + 1
FC  𝑃𝑘 + 2

FC   ⋯  𝑃𝑘 + 𝑁
FC   𝑃𝑘 + 1

B   𝑃𝑘 + 2
B   ⋯  𝑃𝑘 + 𝑁

B ]T (23)

 The vector notations of ,  , and the constraint are described in appendix A.𝑯 𝒇

8 Results and Discussion

The response of the controller to operational constraints is shown in Figure 8. The threshold of 

vehicle power that the FC should start at was very well adhered to. A power threshold of 5 kW 

was selected here as an example to demonstrate the controller performance. Different threshold 

levels can be selected depending on the design requirements. Also, the constraint of a maximum 

battery power, for example 12 kW, was very well respected by the controller. The extra motor 

power required beyond the maximum battery power limit was supplied by the FC. Also, in 

Figure 8, a power split ratio of 1:6 was maintained wherever the two power sources contributed 

simultaneously to supplying the load demand.  However, this ratio was violated when 

constraints were encountered. The controller was successful in determining the power set points 

of the FC and the battery with respecting the operational and safety constraints during tracking 
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the PSR. This good performance was achieved because the constraints were defined and 

embedded in the optimisation process. 

The energy management was tested for short and long journeys. Simulations were performed 

for a powertrain consists of a battery of 12 kW rated power and a rated capacity of 20 kWh with 

a fuel cell of 20kW rated power and 2 kg hydrogen tank. It should be noticed that these values 

were not based on optimal sizing rather they were just chosen in order to investigate the 

controller performance against powertrain constraints of energy and power. A short journey of 

about 20 km was considered, which was estimated by the Sat-Nav to be 20 segments of different 

lengths. The controller in this case decided to supply all the power and energy demand solely 

from the battery, as shown in Figure 9. This was because the controller estimated the initial 

battery energy, represented as the SoC, to be enough to supply all the predicted energy demand 

over the journey. Such performance of dictating power priority can be attained by adaptively 

tuning the value of the weight factor  to be very high compared to . If for any reason 𝑤3 𝑤4

during the journey the battery was unable to satisfy the motor load, then the MPC would update 

the current SoC and a decision would be made to draw additional power from the FC. Again, 

this can be achieved by returning  to its original value.𝑤3

For a long journey of about 100 km, two different constraints of final SoCs were tested. For a 

20% final SoC limit, the controller estimated that there would be enough battery energy over 

the journey length. However, the energy requirement was different from the power requirement 

and therefore exceptions were made for the events where the maximum battery power was 

expected to be exceeded, as shown in Figures 10 and 11. The same long journey was tested 

again with a different final limit of 40% for SoC, see Figures 12 and 13. In this case, the 

controller realized that with this new constraint there would be a deficit in the battery energy 

and therefore the controller planned to dispatch FC power during the journey.
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9 Conclusions

The controller was successful in applying the control objectives of battery power limits and 

threshold power for the FC. Also, the PSR was maintained wherever that was possible, 

considering the operational constraints. The performance indices in the cost function were 

designed to serve control objectives compatible with a plug-in powertrain configuration. 

Different powertrain configurations require introducing different performance indices and that 

will change the shape of the cost function and give different results.

Connecting the controller to an online map service and integrating the proposed control design 

to a real FCHEV powertrain system are planned as future work. This will also include extending 

the control algorithm to include the DC/AC inverter as a second control element to participate 

in controlling regenerative breaking events, and adding a supercapacitor to the system, 

requiring the introduction of new performance indices to consider a modified EMS considering 

regenerative breaking. As a future work as well, the costing of fuel cell energy can include the 

dependency on stack’s efficiency. However, this will require a linear approximation of fuel cell 

power versus efficiency in order to keep the linear form of the cost function. 

Applying the EMS to a real FCHEV is intended and will require substituting all the LabVIEW 

simulation loops with new loops that incorporate real-time measurements from sensors and 

transducers on-board the vehicle.
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Appendix A:

The quadratic matrix : 𝑯

𝑤1𝜂 
𝑐

2 + 𝑤3 0 0 0 0 0 0 0

0 𝑤1𝜂 
𝑐

2 + 𝑤3

⋯
0 0 0 0

⋯
0 0

⋮     ⋱    ⋮ ⋮ ⋱ ⋮

0 0 𝑤1𝜂 
𝑐

2 + 𝑤3 0 0 0 0 0

𝑯 =  0 0
⋯

0 𝑤1𝜂 
𝑐

2 + 𝑤3 0 0
⋯

0 0

0 0 0 0 𝑤2 + 𝑤4 0 0 0

0 0
⋯

0 0 𝑤2 + 𝑤4

⋯
0 0

⋮ ⋱ ⋮ ⋮     ⋱    ⋮

0 0 0 0 0 0 𝑤2 + 𝑤4 0

[
 
 
 
 
 
 
 

 

  
 
 
 
 
 
 

 
 
 
 
 
 
 

0 0
⋯

0 0 0 0
⋯

0 𝑤2 + 𝑤4

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

]
The linear vector  𝒇 = ― [

𝑤1(𝑃𝑘 + 1
𝑣 ∗ ― 𝑃𝑖𝑑

𝑣 + 𝜀 
𝑃𝑣) ∙ 𝜂 

𝑐

𝑤1(𝑃𝑘 + 2
𝑣 ∗ ― 𝑃𝑖𝑑

𝑣 ) ∙ 𝜂 
𝑐

⋮
𝑤1(𝑃𝑘 + 𝑁

𝑣 ∗ ― 𝑃𝑖𝑑
𝑣 ) ∙ 𝜂 

𝑐
𝑤2(𝑃𝑘 + 1

𝑣 ∗ + 𝑃𝑖𝑑
𝑣 + 𝜀 

𝑃𝑣)
𝑤2(𝑃𝑘 + 2

𝑣 ∗ + 𝑃𝑖𝑑
𝑣 )

⋮
⋮

𝑤2(𝑃𝑘 + 𝑁
𝑣 ∗ + 𝑃𝑖𝑑

𝑣 )
]    

Equality constraint:

      [𝜂 
𝑐 0

0 𝜂 
𝑐

⋯ 0 0
0 0

⋮ ⋱ ⋮
0 0
0 0 ⋯

𝜂 
𝑐 0

0 𝜂 
𝑐

1 0
0 1 ⋯ 0 0

0 0
⋮ ⋱ ⋮

0 0
0 0 ⋯ 1 0

0 1] × [
𝑃𝑘 + 1

FC
𝑃𝑘 + 2

FC
⋮
 

𝑃𝑘 + 𝑁
FC

𝑃𝑘 + 1
B

𝑃𝑘 + 2
B
⋮
 

𝑃𝑘 + 𝑁
B

] = [𝑃𝑘 + 1
𝑣 ∗

𝑃𝑘 + 2
𝑣 ∗
⋮
 

𝑃𝑘 + 𝑁
𝑣 ∗

]
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Inequality constraints:

[
 

[1 0
0 1 ⋯ 0 0

0 0
⋮ ⋱ ⋮

0 0
0 0 ⋯ 1 0

0 1
] [0 0

0 0 ⋯ 0 0
0 0

⋮ ⋱ ⋮
0 0
0 0 ⋯ 0 0

0 0
]

[₋₁ 0
0 ₋₁ ⋯ 0 0

0 0
⋮ ⋱ ⋮

0 0
0 0 ⋯ ₋₁ 0

0 ₋₁
] [0 0

0 0 ⋯ 0 0
0 0

⋮ ⋱ ⋮
0 0
0 0 ⋯ 0 0

0 0
]

[0 0
0 0 ⋯ 0 0

0 0
⋮ ⋱ ⋮

0 0
0 0 ⋯ 0 0

0 0
] [1 0

0 1 ⋯ 0 0
0 0

⋮ ⋱ ⋮
0 0
0 0 ⋯ 1 0

0 1
]

[0 0
0 0 ⋯ 0 0

0 0
⋮ ⋱ ⋮

0 0
0 0 ⋯ 0 0

0 0
] [₋₁ 0

0 ₋₁ ⋯ 0 0
0 0

⋮ ⋱ ⋮
0 0
0 0 ⋯ ₋₁ 0

0 ₋₁
]

[𝑡1 𝑡2 ⋯ 𝑡𝑁 ― 1 𝑡𝑁] [0 0 ⋯ 0 0]
[0 0 ⋯ 0 0] [𝑡1 𝑡2 ⋯ 𝑡𝑁 ― 1 𝑡𝑁]

 

] × [
𝑃𝑘 + 1

FC
𝑃𝑘 + 2

FC
⋮
 

𝑃𝑘 + 𝑁
FC

𝑃𝑘 + 1
B

𝑃𝑘 + 2
B
⋮
 

𝑃𝑘 + 𝑁
B

] ≤ [ [1
1
⋮
1
1

]𝑃𝑚𝑎𝑥
𝐹𝐶                                             

[0
0
⋮
0
0

]                 

[1
1
⋮
1
1

]𝑃max  
𝐵

[1
1
⋮
1
1

]𝑃𝑚𝑖𝑛
𝐵   

    

                                        

[1
1
⋮
1
1

]𝜂 
𝐹𝐶 ∆𝐻 

H 
2 (𝑀𝑚𝑖𝑛

H 
2 ― 𝑀0

H 
2)      

[1
1
⋮
1
1

]3600  𝐶 
𝑊ℎ(𝑆𝑜𝐶𝑚𝑖𝑛

 ― 𝑆𝑜𝐶0
 )

 

]
List of Symbols

 Vehicle frontal area / m2𝐴𝑓
Vehicle acceleration / m s-2𝑎
Battery efficiency term𝛼
Drag coefficient𝐶𝑑

 Rolling coefficient𝐶𝑟𝑟
Battery capacity / Wh𝐶 

𝑊ℎ

 Nernst potential / V𝐸
E0 Nernst potential / V

 Faradays constant / C mol-1𝐹
Aerodynamic resistances / N𝐹𝑎𝑒𝑟𝑜
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Road gradient resistances / N𝐹𝑔𝑟𝑎𝑑𝑒

Rolling resistances / N𝐹𝑟𝑟

Acceleration resistances / N𝐹𝑖

Gravitational acceleration / m s-2𝑔
 linear vector of the quadratic equation𝒇
 Quadratic matrix𝑯
 FC current / A𝐼𝐹𝐶

Road segment number𝑖
Cost function𝑱

k Current time interval
N Prediction horizon or total number of road segments 
Ncell No. of cell in FC stack

 Vehicle mass / kg𝑚
Hydrogen inventory status / mole𝑀 

𝐻2

Minimum hydrogen inventory / mole𝑀𝑚𝑖𝑛
𝐻2

Initial Hydrogen inventory / mole𝑀0
H 

2

Battery power / W𝑃𝐵

Battrey power set point / W𝑃𝐵,𝑠𝑝

Maximum battery discharging power / W𝑃𝑚𝑎𝑥
𝐵

Minimum battery power or maximum charging power / W𝑃𝑚𝑖𝑛
𝐵

PFC FC power / W
FC power set point / W𝑃𝐹𝐶,𝑠𝑝

Maximum FC power / W𝑃𝑚𝑎𝑥
𝐹𝐶

                    Vehicle power / W𝑃𝑣

Prediction of vehicle power / W𝑃 
𝑣 ∗

Power shift parameter / W𝑃𝑖𝑑
𝑣

Vector of FC power control variables𝐏FC

Vector of battery power control variables𝐏B

 Gas constant, 8.314 / J K-1 mol-1𝑅
  Air density / kg m-3𝜌
 Road angle / o𝜃

 FC voltage / V𝑉𝐹𝐶

Vehicle velocity / m s-1𝑣
 FC activation losses / V𝜂𝑎𝑐𝑡

 FC concentration losses / V𝜂𝑐𝑜𝑛𝑐

 FC ohmic looses / V𝜂𝑜ℎ𝑚

FC efficiency 𝜂FC

DC-DC converter efficiency 𝜂 
𝑐

Battery discharging efficeicny𝜂 
𝑑𝑖𝑠

Battery charging efficeicny𝜂 
𝑐ℎ

State of the charge of the batterySoC
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           Minimum state of the charge of the battery𝑆𝑜𝐶𝑚𝑖𝑛
 

Maximum state of the charge of the battery𝑆𝑜𝐶𝑚𝑎𝑥
 

time / s𝑡 

Sampling time / ms𝑡𝑠

Weighting factor𝑤 

Prediction error of vehicle power / W𝜀 
𝑃𝑣
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Figure Captions

Figure 1: Simulation architecture based on multiple LabVIEW vi drivers

Figure 2: LabVIEW model for power and energy prediction of the vehicle

Figure 3: Vehicle power profiles at different accelerations from rest to a speed of 27 m s-1 

Figure 4: FCHEV powertrain design

Figure 5: Low-level power split controller performance

Figure 6: MPC algorithm of energy management control of FCHEV

Figure 7: FC system and stack efficiencies

Figure 8: Controller response at FC threshold power and maximum battery power

Figure 9: (A) Power management and (B) energy management for a short journey

Figure 10: Power management for a long journey with a final SoC limit of 20%

Figure 11: Energy management for a long journey with a final SoC limit of 20%

Figure 12: Power management for a long journey with a final SoC limit of 40%

Figure 13: Energy management for a long journey with a final SoC limit of 40%
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Figure 1: Simulation architecture based on multiple LabVIEW vi drivers 
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Figure 2 LabVIEW model for power and energy prediction of the vehicle 
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Figure 3: Vehicle power profiles at different accelerations from rest to a speed of 27 m s-1 

83x67mm (400 x 400 DPI) 

Page 27 of 37

Wiley-VCH

Fuel Cells

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 

Figure 4: FCHEV powertrain design 
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Figure 5: Low-level power split controller performance 
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Figure 6: MPC algorithm of energy management control of FCHEV 
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Figure 7: FC system and stack efficiencies 
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Figure 8: Controller response at FC threshold power and maximum battery power 
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Figure 9: (A) Power management and (B) energy management for a short journey 
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Figure 10: Power management for a long journey with a final SoC limit of 20% 
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Figure 11: Energy management for a long journey with a final SoC limit of 20% 
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Figure 12: Power management for a long journey with a final SoC limit of 40% 
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Figure 13: Energy management for a long journey with a final SoC limit of 40% 
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