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Abstract: Turbocharging of hydrogen fuel cell electric vehicles (FCEVs) has recently become a 
prominent research area, aiming to improve FCEV efficiency and viability to help decarbonise the 
transport sector. This work compares the performance of electrically assisted variable-geometry-
turbocharging (VGT) with a fixed-geometry turbocharger (FGT) by optimising both the sizing of the 
components and their operating points, ensuring both designs are compared at their respective peak 
performance. A MATLAB-Simulink reduced-order model is used first to identify the most efficient 
components which match to the fuel cell air-path requirements. Maps representing the compressor 
and turbines are then evaluated in a 1D flow model to optimise cathode pressure and stoichiometry 
operating targets for net system efficiency, using an accelerated genetic algorithm (A-GA). Good 
agreement was observed between the two models’ trends, with negligible difference in system 
efficiency and modelled shaft speed under optimised conditions. However, a sensitivity study 
demonstrates significantly higher efficiency when operating at non-ideal flows and pressures for the 
VGT when compared to the FGT, suggesting that VGTs may provide higher level of tolerance under 
variable environmental conditions such as ambient temperature, humidity, and transient loading. 
Overall, it is concluded that the efficiency benefits of VGT are marginal, and therefore not necessarily 
significant enough to justify the additional cost and complexity that they introduce. 

Keywords: fuel cell electric vehicle; PEM fuel cell; turbomachinery; optimization; hydrogen vehicle; 
turbo matching; 1D modelling 
 

1. Introduction 

Hydrogen powered fuel cell electric vehicles (FCEVs) provide an opportunity to ease transport 
pollution due to zero tailpipe emissions [1] and the possibility to be powered by ‘green’ hydrogen, 
which is generated using renewable energy and feedstock [2]. As the automotive industry seeks to 
move away from fossil fuel powered vehicles and towards electrified powertrains, FCEVs provide a 
promising alternative for the heavy-duty vehicle market [3]. In particular, proton exchange 
membrane fuel cells (PEMFCs) are favoured for automotive applications due to high efficiency, high 
current density and low operating temperature, providing quick start-up [4,5]. 

To achieve maximum power density from the fuel cell stack, PEMFCs are commonly operated 
under pressurised conditions (up to ~4 bar [6]), allowing for better performance [7,8] and a reduction 
in stack size [9] . Fuel cell performance and efficiency increases as the pressure of the gases in the 
reaction increases as described by the Nernst equation [10] and can be observed experimentally [11–
13]. Although there is an increase in stack power output, pressurising the system leads to significant 
parasitic loss to power the compressor. This can account for up to 80% of all parasitic losses 
experienced [14] and can require 15-35% of all power output from the stack [4,6,8,15,16].  

To compensate for some of the losses from powering the compressor, a turbine can be used to 
recover some of the exhaust energy at the cathode outlet to drive the compressor shaft, reducing the 
power requirements from the e-motor. In contrast to an internal combustion engine, there is not 
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enough energy in the exhaust flow to fully power the compressor [17]. However, up to 60% of the 
compressor power can be offset depending on operating conditions, resulting in increases in full 
system efficiency by up to 8% [7,18,19–21]. Existing findings are summarised in Table 1. 

Table 1. Studies on the system efficiency benefits of FCEV turbine use compared. 

Reference Low/part load 
sys. eff. improvement 

High load 
sys. eff. improvement 

Compressor power 
offset by turbine 

Martinez-Boggio et al. 
2023 [18] 

+1% +8% Up to 60% 

Ahsan et al. 2021 [19] +6% (approx.) across the operating range. 43.1-47.9% (approx.) 

Filsinger et al. 2021 
[21] 

 9%-39.3% 

Kerviel et al. 2018 [7] +3.3% (WLTP avg.) vs. single stage compressor 
+1.6% (WLTP avg.) vs. two-stage compressor 

45.8% on average 

Zhang et al. 2017 [20]  +6.9% (approx.) 25-44.7% (approx.) 

Bao et al. 2006 [22] +3% (approx.) vs. single stage compressor 
+1% (approx.) vs. two-stage compressor 

 

Kulp et al. 2002 [23] +1% (approx.) +5% (approx.)  

Cunningham et al. 
2000 [24] 

“Largely unchanged” +4% (approx.)  

In internal combustion engine (ICE) vehicle applications, fixed geometry turbochargers (FGT) 
can experience lag in transient conditions such as low speed operation, due to the size of the turbine 
and its inertia [25]. Variable geometry turbochargers (VGT) overcome this by manipulating the 
effective aspect ratio of the turbine to reduce lag and increase the turbocharger’s operating range, 
particularly increasing boost at low speeds and reducing over boosting [26]. VGT use with diesel 
engines can improve matching, enhance fuel economy, and reduce soot emissions [27] by increasing 
charge air mass by up to 20% compared to a FGT with wastegate [28]. 

For FCEVs, the reduction of lag and management of EGR for emissions reductions are no longer 
concerns. However, VGTs still offer potential benefits. Recent studies aim to leverage the extended 
operating range of VGTs for enhancing vehicle efficiency across a wider range of loads [9,17,21,29]. 

Several studies have found that VGTs can cover the full fuel cell operating range. Filsinger et al. 
[21] compared FGT and VGT at nominal air mass flow rates across a range of pressure ratios, as well 
as compromised (low and high) air mass flow rate conditions. At the nominal operating points (OP), 
they showed that FGTs recover more power due to their superior efficiency, but at the compromised, 
low and high mass flow rates, the VGT exhibited greater efficiency. The VGT appears to provide 
reasonable efficiency across the range, while the FGT peaks in the middle and drops at the extremes. 
Despite their improved performance at the extremes, the authors do not recommend VGT for most 
applications. Even at low mass flow rates where the absolute value of VGT power is greater than the 
FGT, the compressor consumes little power (6.3kW vs. 25.4kW for the highest load OP), so the 
proportion of power provided by the turbine is small and a FGT would be suitable. The main 
condition favouring VGTs is at high flow rates, where the VGT recovers more energy by utilising the 
full range of mass flow. But overall, the performance of two are similar across the operating ranges 
and the FGT with wastegate is recommended as a suitable and less complex solution. 

Zhang et al. [9] also found that their bespoke VGT covers the full operating range whilst FGTs 
do not. Maximum energy recovery at low load was achieved using a FGT with wastegate (WG) and 
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at high load with a FGT with back pressure valve (BPV), but their VGT performs well enough across 
all loads to maximise average efficiency. 

Other studies conclude that VGTs should be redesigned for fuel cells to ensure that the full 
operating range is covered. For example, Menze et al. [17] and their subsequent paper Schoedel et al. 
[29] found that a VGT without wastegate can cover the entire operating range only if solidity (the 
ratio of blade chord to pitch) was reduced. They also find large performance improvements when 
doing so, reducing the inherent losses of VGTs pivoting vanes and reduced gaps to the housings [29]. 
This is similar to the findings of Taylor et al. [30], who found a 13% increase in VGT efficiency by 
modifying turbine wheel geometry vs. using an unchanged VGT from an ICEV. 

The combined findings above indicate the importance of correctly sizing turbomachinery for 
fuel cells, whilst the control optimisation work by Bao et al. [22] and the influence of stoichiometry 
on system efficiency observed by Piqueras et al. [31], illustrate the importance of optimising the 
operating points. Zhao et al. [32] explain that the operating parameters of the fuel cell must be 
established before considering parameters of the turbine and compressor, for optimal matching. Mass 
flow rate and pressure demanded by the stack are fundamental parameters for matching [33], 
especially for mechanically coupled turbochargers, where the pressure ratio and mass flow rate 
ranges of the compressor and turbine must approximately correspond [34]. As the sizing of the 
turbomachinery will affect the optimal operating points for overall system efficiency, and the 
operating points will in-turn determine the correct sizing of components, these factors are inherently 
coupled, however no previous work has been identified which combines both optimisation of sizing 
and control concurrently. 

The aim of this work is therefore to determine the performance of a PEMFC system when used 
with a VGT against a FGT. This differs from previous work in the area by concurrently considering 
both the selection of turbines and their operating points to ensure a comparison of FGT and VGT 
architectures when they are operating at their respective ideal performance.  

The paper is structured as follows. Section 2 describes the approach taken to optimise both 
system design and operating point using a combination of reduced-order modelling in the FCMT 
and 1D model. Section 3 presents a comparison of the optimised results and related discussion to the 
overall performance comparison, control actuation and sensitivity. Finally, Section 4 summarises the 
conclusions and provides suggestions for further work in the area. 

2. Materials and Methods 

The methodology used in this study is an iterative cycle utilising two different models, as 
illustrated in Figure 1.  
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Figure 1. Methodology overview. 

The first step utilises a reduced-order model to compare the performance of different turbine 
geometries based on prescribed boundary conditions within the Fuel Cell Matching Tool (FCMT). 
This uses a map-based approach to quickly assess each design, providing data on their power, speed, 
and turbine efficiency to identify the best match for the operating conditions provided. 

The second step uses 1D modelling to dynamically simulate the fuel cell stack and air 
management system. This more detailed approach models the fuel cell system’s thermo-/fluid 
dynamic properties to define the stoichiometry and inlet pressure of the fuel cell across a range of 
current densities in order to optimise system efficiency for the given turbine selected by the FCMT. 

This methodology is iterated until the selection of the turbine remains unchanged and finally 
the 1D model is used to perform a sensitivity study. The following two sections describe the two 
numerical models in more detail. 

2.1. Fuel Cell Air Path Matching Tool (FCMT) 

The FCMT is used to select the best matching compressor and turbine for a given fuel cell stack 
and target operating conditions (stack inlet pressure and oxygen excess ratio) across a range of 
current densities. For this study, the compressor and fuel cell stack were pre-defined, the VGT was 
selected by the FCMT and the FGT turbine map was represented by the VGT operating with a “flush 
gap”. This allows for fair comparison of the FGT and VGT architectures by ensuring they have the 
same efficiency characteristics and swallowing capacity. 

The initial operating conditions were provided based on previous work [18] and consisted of a 
set of desired cathode inlet pressures and oxygen excess ratios (OER) for a range of 18 current 
densities from 0.05 A/cm2 to 1.7 A/cm2. These are used in conjunction with a set of parameters which 
describe the environment and the design of the airpath system (e.g., pressure drop across the fuel 
cell) to determine the boundary conditions for both compressor and turbine as follows. 
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The boundary conditions for the compressor and turbine are defined by their 
pressure/expansion ratios and corrected air mass flow rates, which can be extracted directly from the 
1D model results or calculated within the FCMT from the desired fuel cell operating conditions. The 
FCMT models pressure drop of the air inlet, intercooler, fuel cell stack and exhaust (illustrated in 
Figure 2) as fixed orifices based on Equation 1. The orifice area and discharge coefficient are 
summarised by parameter (𝑘) which is automatically generated based on experimental data, as 
shown in Figure 3. 

 

Figure 2. Fuel cell system diagram including definition of air system. 

 

Figure 3. Orifice model of pressure drop. 

∆𝑝 = 𝑘 𝑚ሶ ଶ𝜌  (1)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 March 2025 doi:10.20944/preprints202503.0334.v1

https://doi.org/10.20944/preprints202503.0334.v1


 6 of 18 

 

The mass flow through the compressor (𝑚ሶ ௖௠௣) is calculated as the product of the OER (𝑅ாை) and 
the required airflow (𝑚ሶ ఒ) at the given current density (𝑖), as described by Equation 2 and Equation 
3. 𝑚ሶ ௖௠௣ = 𝑅ாை𝑚ሶ ఒ,௔௜௥ (2)

𝑚ሶ ఒ,௔௜௥ = ൬10021 ൰ 𝑖𝑛௖𝐴௖𝑀ைଶ4𝐹  (3)

It is assumed that the back-diffusion of water generated at the cathode through the membrane 
is negligible under steady state conditions, and therefore the mass flow through the turbine is 
calculated as in Equation 4 and Equation 5. 

Once the boundary conditions have been determined, the speed and efficiency of the compressor 
and turbine can be calculated using a map-based approach as described by SAE J922 [35] and J1826 
[36]. This in-turn enables the calculation of mechanical work as in Equations 6-8 for the compressor 
and Equations 9-11 for the turbine. 

Finally, the electric motor power is calculated based on the net mechanical power of the 
compressor and turbine, a fixed bearing efficiency and a map-based motor efficiency, as in Equations 
12-14. 

The VGT is represented by a discrete number of nozzle gaps with a corresponding map for each. 
To match the speeds of the compressor and turbine, it is assumed by the tool that the VGT boundary 
conditions can be adjusted using either the nozzle gap, a back pressure valve or a wastegate as 
required. In the first instance, the nozzle gap will be optimised to control the fuel cell back pressure. 
If this is not possible, either the flow rate through the turbine is reduced by partially opening the 

𝑚ሶ ௧௥௕ = 𝑚ሶ ௖௠௣ − 𝑚ሶ ఒ,ைଶ + 𝑚ሶ ఒ,ுଶை =  𝑚ሶ ௖௠௣ + 𝑚ሶ ఒ,ுଶ (4)

𝑚ሶ ఒ,ுଶ = 𝑖𝑛௖𝐴௖𝑀ுଶ2𝐹  (5)

𝑇௖௠௣,௢௨௧,௜௦௡ = 𝑇௖௠௣,௜௡∆𝑝௖௠௣ஓିଵஓ  (6)𝑃௖௠௣,௜௦௡ = 𝑚ሶ ௖௠௣ ∗ 𝑐௣ ∗ (𝑇௖௠௣,௢௨௧,௜௦௡ − 1) (7)

𝑃௖௠௣,௠௖௛ = 𝑃௖௠௣,௜௦௡𝜂(𝑚ሶ ௖௠௣,௜, ∆𝑝௖௠௣) (8)

𝑇௧௥௕,௢௨௧,௜௦௡ = 𝑇௧௥௕,௜௡ ൬ 1∆𝑝௧௥௕൰ஓିଵஓ
 (9)

𝑃௧௥௕,௜௦௡ = 𝑚ሶ ௧௥௕ ∗ 𝑐௣ ∗ (𝑇௧௥௕,௢௨௧,௜௦௡ − 1) (10)

𝑃௧௥௕,௠௖௛ = 𝑃௧௥௕,௜௦௡𝜂(𝑚ሶ ௧௥௕,௜, ∆𝑝௧௥௕) (11)

𝑃ாெ,௠௘௖௛ = 𝑃௖௠௣ + 𝑃௧௥௕𝜂௕௘௔௥௜௡௚  (12)

𝑃ாெ,௘௟௘௖ = ௉ಶಾ,೘೐೎೓ఎಶಾ(ேಶಾ,்ಶಾ)  when motoring (and power is +ve) (13)𝑃ாெ,௘௟௘௖ = 𝑃ாெ,௠௘௖௛𝜂ாெ(𝑁ாெ, 𝑇ாெ)  when generating (and power is -ve) (14)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 March 2025 doi:10.20944/preprints202503.0334.v1

https://doi.org/10.20944/preprints202503.0334.v1


 7 of 18 

 

wastegate, or a back pressure valve located after the turbine is partially closed to reduce the pressure 
ratio. This control scheme is shown in the right of Figure 4. 

In the case of a FGT, only a back pressure valve or a wastegate are available. The wastegate and 
back pressure valve are represented by scaling the mass flow rate and expansion ratio (respectively) 
between 0% and 100% of the target conditions. To reduce the design space and simulation time, it is 
assumed that the wastegate does not open whilst the back pressure valve is partially closed, and vice 
versa (Figure 4, left). 

 

Figure 4. Control scheme for FGT (left) and VGT (right). 

The FCMT runs the algorithm to estimate the performance of each turbine in a catalogue 
consisting of over 200 FGTs and approximately 30 VGTs. The final selected turbine is chosen based 
on the one which will minimise the electrical power requirement of the motor (𝑃ாெ,௘௟௘௖,௜) across the 
weighted range of operating points, where (𝑘௜) represents the weight of an individual operating 
point. The cost of each is found by Equation 15. 

By using power rather than efficiency in Equation 15, the tool will inherently prioritise higher 
power operating conditions where the efficiency benefits are more significant. The operating point 
weighting enables users of the matching tool to prioritise particular operating points. However, for 
this work, it should be noted that the weighting of each point is kept equal in the interest of examining 
the performance of the VGT across the full range of operation.  

2.2.1. D System Model 

The 1D simulation model used for this work was developed based on the simulation model 
described in previous work by the authors [18], in which the air path design has been adapted to use 
a VGT. The base model was developed in GT-Suite (v2022, Gamma Technologies) and PEMFC 
calibration performed using manufacturer data. As shown in Figure 5, this model follows a similar 
structure to the reduced model in the FCMT, but each component is modelled at a higher fidelity 
using 1D-CFD, enabling the electro-chemical response of the fuel cell to varying pressure and flow 
rates to be evaluated. As with the FCMT, the mass flow rate is controlled using the electric motor and 
the backpressure is controlled using the state-based control scheme shown in Figure 4. For more 
information about this model, including its validation, please refer to the earlier publication [18]. 

𝐽 =  ∑ 𝑘௜𝑃ாெ,௘௟௘௖,௜௡௜ୀଵ 𝑛  (15)
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Figure 5. 1D GT-Suite model diagram. 

2.2.1. Operating Point Optimisation 

To ensure optimal operating conditions for both sets of turbines, numerical optimisation within 
GT Suite was conducted for the OER and turbine inlet pressures for both turbine geometries 
independently, with the aim to maximum net system efficiency at each current density operating 
point. Net system efficiency is defined in Equation 16. 

Optimisation was performed using the accelerated genetic algorithm, which is modified NSGA-
III global search algorithm that incorporates fast metamodeling between each generation. Initial 
optimisation was performed for each current density across the full range of the compressor map 
using a population size of 10, for 15 generations. The crossover rate was 1, mutation rate of 0.5, 
crossover rate distribution index of 15, and a mutation rate distribution index of 20. This was then 
refined within +/-20% of the initial operating point locations, using a population size of 20 for 25 
generations, with a crossover rate of 1, mutation rate of 1, crossover rate distribution index of 15, and 
a mutation rate distribution index of 10. The results of the second stage optimisation were also used 
to generate the contour plots shown in the sensitivity study results. 

3. Results 

3.1. 1D Modelling 

The results from the 1D modelling indicate that fuel cell stack power is very similar whether a 
fixed geometry turbocharger (FGT) or variable geometry turbocharger (VGT) is used. This is shown 
in Figure 6, the lower left portion of which shows less than 1% difference in stack power across the 
range of current density operating points with use of FGT or VGT. The data also shows that the choice 
of FGT or VGT subsequently has negligible effect on overall system efficiency: Figure 6. shows less 
than 0.25% difference when using either turbocharger in the lower right. 

𝐽௜ = 𝜂௡௘௧,௘௟௘௖,௜ = 𝑃ி஼,௜ − 𝑃ாெ,௜𝑚ሶ ுమ,௜ ⋅ 𝐿𝐻𝑉  (16)
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Figure 6. Comparison of fuel cell system performance parameters when using VGT and FGT. 

The very similar system performance data – fuel cell power and overall system efficiency – when 
using either turbocharger is due to two main factors: fundamental turbo design, such as size, and 
turbine operating point, such as speed. The fundamental turbine design was purposefully kept the 
same in this study to ensure the effect of a variable nozzle gap was isolated. However, the turbine 
operating points were found by the boundary condition optimisation exercise, aiming to maximise 
overall system efficiency. This was conducted independently for FGT and VGT to assess if their 
optimal operation differs because of their different air system controls. It was found that the 
optimised operating points for the two turbos are similar despite their different control capabilities, 
as shown in Figure 7, where the FGT and VGT operate along the same curve for much of the operating 
range. A slight divergence is noticeable at the final two points, representing 1.6A/cm2 and 1.7A/cm2, 
where the VGT begins to curve downward, more closely following the peak efficiency curve of the 
compressor. It is also noticeable from these plots that the operating curve closely follows the peak 
efficiency curves of both compressor and turbine, demonstrating that the compressor and turbine are 
well matched to each other as well as to the fuel cell requirements. 

Subsequently, this results in little difference in e-motor power, as shown in Figure 8, which also 
presents turbine inlet pressure and turbocharger shaft speed. The e-motor provides the remaining 
compressor power that is not provided by the turbine. Since the optimisation of the two turbines did 
not result in significantly different operating points, and because they have the same fundamental 
geometry and efficiency characteristics, they recover similar power across the range. Therefore, the 
remaining compressor power provided by the e-motor power is also very similar. As observed 
previously in Figure 6, this causes the overall system efficiency to be almost the same whether a FGT 
or VGT is used. 
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Figure 7. Optimised operating points overlaid onto compressor and turbine efficiency maps. 

 

Figure 8. Optimised turbine inlet pressure and resulting shaft speed and e-motor power when using FGT and 
VGT. 

Similar FGT and VGT operating conditions also results in very similar utilisation of the air 
system controls. For both turbos, Figure 9. shows that the magnitude of the controls used is very 
small, indicating negligible wastegate use by the FGT, minimal change in rack position by the VGT, 
and no use of the back pressure valve for either. As explained in the methodology, the VGT model 
was able to use the wastegate and back pressure valve if its rack position limits were reached. 
However, according to this data, the optimised rack position remains very near to the centre of the 
rack, comfortably between 45% and 60%, and exactly 51% for much of the current density range. 
Similarly, the FGT, represented by a constant rack position at flush gap (51%), required little 
wastegate to meet its optimised operating points. 
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Figure 9. Use of air system controls compared for FGT and VGT. 

3.2. Optimisation of Turbine Operating Points 

The data presented above were generated using optimised turbine boundary conditions, found 
by the accelerated GA optimisation method described previously. This provides a series of target 
turbine inlet pressures and air mass flow rates, which are unique but very similar for the FGT and 
VGT, as explained. This section presents the results of the optimisation exercise itself, which indicate 
the sensitivity of each turbine to sub-optimal operating conditions. 

Whilst the optimal boundary conditions are very similar for the two turbines, the VGT exhibits 
less reduction in fuel cell system efficiency when operating under sub-optimal boundary conditions. 
The contour plots in Figure 10. show the modelled inlet pressures vs. air mass flow rates during the 
optimisation exercise, with the colours representing the resulting fuel cell system efficiency. The 
upper three plots represent the system using the FGT, the lower three represent the VGT. From left 
to right are three current density operating points: 0.05 (idle), 0.9 (mid), and 1.7A/cm2 (high). It can 
be seen that the high efficiency areas are larger in the VGT plot, showing less degradation in 
performance in sub-optimal operating conditions. This suggests greater resilience if operating in 
compromised conditions, such as due inadequate maintenance, or high altitudes. In contrast, for the 
FGT shows a more sudden drop in system efficiency under suboptimal conditions. These plots 
illustrate a vital, practical difference between FGT and VGT under real-world conditions which is not 
immediately apparent from the ideal, optimised results. 
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Figure 10. Sensitivity of FGT (top) and VGT (bottom) to variations in air flow and pressure target. 

3.3. Matching Tool Results 

This section compares the results from the fuel cell matching tool (FCMT) to those of the 1D 
modelling. Repeating the FCMT exercise with the optimised boundary conditions verified that the 
earlier turbine geometry selection remained the best choice. The performance data from the FCMT 
will be compared to that of the 1D model to support and understand the observations presented 
previously. 

There is very good agreement in the results of the two models. In the FCMT results, the 
performance of the FGT and VGT appears to be very similar, validating the same observation in the 
1D results. Figure 11 shows the FCMT results for shaft speed and net power (or e-motor power) of 
the two turbines from both modelling approaches: the FCMT results are shown in orange (solid line) 
for the VGT and blue (dashed line) for the FGT, while the results from the 1D model are shown in 
grey. It can be seen that the 1D and FCMT models predict almost identical shaft speeds, resulting in 
similar e-motor power. Both models predict similar trends in the data, however the reduced order 
modelling in the FCMT estimates approximately 4% lower motor power at full load. 
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Figure 11. Performance results from matching tool study compared to 1D study. 

This close alignment of the FCMT and 1D models’ results is also observed in the use of controls. 
As described, the 1D model found that the FGT and VGT achieve their system-optimal operating 
points with negligible use of the rack position, and wastegate and back pressure valves. The same 
trend is observed in the FCMT results as shown in Figure 12. However, it can be seen that the 
matching tool estimates a slightly higher wastegate mass flow for the FGT, and similarly, estimates a 
slightly higher nozzle opening for the VGT. 
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Figure 12. Control results from matching tool study compared to 1D study. 

4. Discussion 

The aim of this study was to assess whether a well matched VGT was able to outperform a FGT 
over the full range of current densities of a modern fuel cell stack. Our results show that VGTs deliver 
negligible benefit compared to FGTs when used with fuel cell powertrains under optimised operating 
conditions. The results suggest that the additional degree of control freedom offered by the VGT, the 
nozzle gap, does not inherently result in enhanced system efficiency at any point across the fuel cell 
stack operating range, and that both turbines were capable of operating at high efficiency across the 
full range of conditions. 

The similarity in FGT and VGT performance observed is explained by control actuations used 
to meet the optimised operating conditions. For the VGT, these are achieved using a nozzle gap 
between 48-59% across the full range of testing. A VGT operating with only a small range of rack 
positions is operating somewhat similar to a FGT, so results in similar VGT and FGT performance. 
The minimal range of rack positions is also centred around 51%, which for the VGT in the study 
represents the ‘flush gap’. The flush gap typically provides the best turbine performance and, in this 
study, also represents the FGT. Similarly, the FGT controller used minimal intervention from either 
a wastegate or back pressure in order to achieve its optimised operating conditions.  

The minimal intervention of fuel cell pressure control, including the nozzle gap, wastegate, and 
back pressure valve indicate that the matching exercise was effective. Little variance in rack position 
around the flush gap suggests that the VGT remains comfortably in an efficient part of its operating 
window, whilst meeting the air system requirements. The FGT similarly requires little use of the 
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wastegate and back pressure valve to meet its operating requirements, the use of which would result 
in system efficiency losses. This shows that the air flow characteristics such as mass flow rate and 
pressure do not need to be modified significantly, and hence the turbines are well matched and sized 
for this fuel cell system. It is debated in the literature whether either kind of turbine can meet the full 
range of fuel cell air system requirements, however, this study indicates they can when both 
component sizing is well matched to the application and operating conditions are optimised. This 
verifies the importance of matching (and air system design generally) in conjunction with optimal 
control. These two distinct areas of the literature were identified to construct the aim of this work. 

Despite the various similarities in performance of the FGT and VGT, the key difference between 
the two architectures is their robustness to sub-optimal boundary conditions. The operating point 
optimisation exercise illustrated how the fuel cell system efficiency quickly reduces when the FGT is 
operated away from its optimal operating points, compared to when using the VGT, when the system 
efficiency is much more stable. A small deviation from the optimal inlet conditions would result in a 
smaller penalty in vehicle efficiency when using a VGT than a FGT. Therefore, the choice of VGT for 
a FCEV may not provide a performance benefit over FGT but appears to be more resilient to sub-
optimal air conditions such as altitude. These results correlate to those of Filsinger et al. [21], however, 
in this work we have also shown that the VGT is resilient to deviations in pressure as well as in air 
flow rate. 

In contrast to Zhang et al. [9], this study showed that both FGT & VGT were able to operate at 
high efficiency across the full range of current densities. One area where there was a small difference 
in the target operating point was at the two highest current densities, where the VGT showed a 0.25% 
improvement in system efficiency due to more closely following the peak efficiency of compressor 
efficiency map. This is likely due to the higher robustness of the VGT when operating at compromised 
operating points. This hints that the FGT may be operating closer to its limit at these points and could 
exhibit a loss in efficiency if tested at higher electrical loads. 

Overall, this study shows the importance of combining optimised control with optimal air 
system matching and design. The results broadly agree with the literature, which demonstrates the 
importance of design and control separately, whilst this study combines them. Optimising in design 
and control simultaneously, under the assumption of steady state conditions suggests that VGTs are 
not worth the additional cost and complexity, demonstrating just 0.25% improvement in efficiency at 
peak load, and negligible improvement at other current densities. 

5. Future Work 

Certain limitations of this work should be noted. Firstly, the matching exercise in this study was 
conducted for the VGT only and the FGT was represented using the ‘flush gap’ map of the VGT. This 
was performed to isolate the effect of variable geometry and eliminate other potential differences 
between the FGT and VGT designs. It ensures the two turbocharger architectures have the same 
efficiency characteristics and swallowing capacity due to their identical base geometry. However, 
conducting an independent matching exercise with a catalogue of FGTs may find one with greater 
power recovery and in practice, a FGT is likely to exhibit higher efficiency due to its simpler design. 

Secondly, the models used in this study only partially account for the effect of the high humidity 
of the exhaust flow from a fuel cell. The differences in the thermodynamic properties of the exhaust 
gas mixture are included, however, supersaturation of the water vapour leading to condensation 
forming in the turbine [37] is likely to occur in practical applications and is not accounted for. This 
will likely affect the absolute values of the results but is unlikely to affect the comparison of FGT and 
VGT, particularly considering that both turbines were found to operate at almost identical conditions 
after optimisation. Nevertheless, future work should consider the effects of condensation in the 
exhaust flow. The approach presented here could be combined with work by Zhang et al. [9] for 
example, who model turbine inlet flows with 100% humidity without condensation, and Mao et al. 
[38], who characterise the effects of nozzle gap on condensation formation, but not its subsequent 
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implications on air system performance. Developing this research area may indicate other benefits 
for VGTs in managing fuel cell exhaust condensation and is of particular interest to the authors. 

Finally, the study compares the steady state performance of both designs. Whilst steady state 
conditions represent much of fuel cell operation (which can be less transient than engines by using 
the onboard battery as a power buffer), future work should assess the performance of the two turbos 
under transient fuel cell conditions. Air path characteristics during transient loads could be 
particularly suitable to VGTs, which were found here to have greater flexibility under variable 
conditions.  
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