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Vehicle Introduction

Hyundai Elec City Fuel Cell 

Components Value Unit

Length 10995 𝑚𝑚

Width 2490 𝑚𝑚

Height 3400 𝑚𝑚

Gross Vehicle Weight 16,000 𝑘𝑔

Wheel Radius 0.47 𝑚

Drive Rear-wheel drive -

This study investigates the thermal management control of a fuel cell electric bus under varying vehicle speeds and thermal loads. Since a fixed-
gain PI controller cannot fully accommodate low , medium , and high-speed operating conditions, it may result in insufficient cooling performance 
or excessive parasitic power consumption from the coolant pump and radiator fan.

Therefore, this study divides the vehicle operating range into several speed regions and applies the Sparrow Search Algorithm to optimize the 
PI parameters for each region. Fuzzy logic is then introduced to schedule the controller gains smoothly according to vehicle speed. The objective is 
to maintain stable stack temperature while reducing cooling-system parasitic power consumption and improving the overall energy efficiency of 
the fuel cell electric bus.
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Fuel cell system

Battery system

Motor system

Drivetrain system

Vehicle dynamic

Vehicle control

Environment
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Anode inlet

Hydrogen Tank Shutoff valve

Pressure regulator Injector

Anode outlet

Purge valve Drain valve

Anode Recirculation

Water separator Recirculation pump Ejector

Cathode inlet

Compressor Intercooler Isolation valve

Cathode outlet

Humidifier Backpressure valve Isolation valve

Cooling system

Coolant pump Electric heater

Radiator Fan
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Hydrogen supply system

Hydrogen exhaust system

Air supply system

Air exhaust system

Compressor

&

Pump

Valve

Research methodsResearch Methodology
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Vehicle Control

• Start-up : The lithium battery provides the initial traction

power because the fuel cell requires a short period to

establish stable electrochemical operation. This prevents

delayed motor response during vehicle launch.

• Acceleration : As the traction power demand increases, the

fuel cell and lithium battery operate together to supply the

motor. The battery provides additional power to compensate

for the slower dynamic response of the fuel cell.

• Cruising : Under relatively steady driving conditions, the

fuel cell supplies most of the motor power. When the battery

SOC is low and surplus fuel cell power is available, part of

the energy can be used to recharge the battery.

• Deceleration : During braking or vehicle deceleration, the

motor operates in regenerative mode. The recovered kinetic

energy is converted into electrical energy and stored in the

lithium battery for later use.

Research methodsResearch Methodology
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Environment

Travel time 1089 s Average speed 11.0 km/h

Distance 3.33 km Maximum speed 40.88 km/h

Travel time 1740 s Average speed 22.53 km/h

Distance 10.88 km Maximum speed 58.26 km/h

Travel time 1909 s Average speed 19.31 km/h

Distance 10.53 km Maximum speed 65.98 km/h

Travel time 1060 s Average speed 30.35 km/h

Distance 8.93 km Maximum speed 93.34 km/h

MBC is a low-speed urban bus 

cycle with frequent stops and 

accelerations. It represents 

congested city traffic.

Manhattan Bus Cycle

BCDC is an urban bus cycle 

with repeated acceleration, 

deceleration, and stop-and-go 

operation. It covers a wider 

speed range than MBC.

OCBC is a bus driving cycle 

with frequent speed variations 

and moderate-to-high speeds.

HDUDDS is a heavy-duty urban driving 
cycle combining stop-and-go traffic 
with high-speed sections. It produces 
large variations in vehicle load and 
power demand.

Braunschweig City 

Driving Cycle

Orange County 

Bus Cycle

Heavy-Duty Urban 

Dynamometer Driving Schedule
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Surrogate Model (Agent model)

• Training data for the surrogate models were collected using the dSPACE SCALEXIO 

real-time platform. Stepwise fan and pump commands were applied across their operating 

ranges, while the corresponding coolant temperatures and system responses were 

recorded through ControlDesk. The measured input–output data were subsequently used 

for system identification and model validation.

Fan Excitation Signal for Data Collection

Pump Excitation Signal for Data Collection

Research methodsResearch Methodology
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• System identification is used to construct a low-order surrogate model from input – output

data, reducing the computational cost of controller optimization while preserving the

dominant thermal dynamics.

State-Space Model

Model Validation

Mean Removal

N4SID Identification

Input Data

Identified State-Space Model

• 𝑥 𝑘 + 1 = 𝐴𝑥 𝑘 + 𝐵𝑢 𝑘 + 𝐾𝑒 𝑘
• 𝑦(𝑘) = 𝐶𝑥(𝑘) + 𝐷𝑢(𝑘) + 𝑒(𝑘)

N4SID Identification Relation

• 𝑌𝑓 = Γ𝑓𝑋𝑘 + 𝐻𝑓𝑈𝑓 + 𝐺𝑓𝐸𝑓

Model Accuracy Evaluation

• 𝑓𝑖𝑡 = 100(1 −
∥ ො𝑦−𝑦∥

∥𝑦−𝑚𝑒𝑎𝑛 𝑦 ∥
)

Key equation Model I/O

Fan 

Surrogate 

Model

Fan command

Pump 

Surrogate 

Model

Pump command

𝑇𝑜𝑢𝑡

𝑇𝑜𝑢𝑡

𝑇𝑖𝑛

∆𝑇

Research methodsResearch Methodology

Surrogate model
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Sparrow Search Algorithm (SSA)

• Producer

𝑋𝑖,𝑗
𝑡+1

=
𝑋𝑖,𝑗

𝑡 ∙ exp −
𝑖

𝛼 ∙ 𝑖𝑡𝑒𝑟𝑚𝑎𝑥
, 𝑅2 < 𝑆𝑇

𝑋𝑖,𝑗
𝑡 + 𝑄 ∙ 𝐿 , 𝑅2 ≥ 𝑆𝑇 

• Scrounger

𝑋𝑖,𝑗
𝑡+1 =

𝑄 ∙ exp −
𝑋𝑤𝑜𝑟𝑠𝑡

𝑡 − 𝑋𝑖,𝑗
𝑡

𝑖2
, 𝑖 >

𝑛

2

𝑋𝑃
𝑡+1 + ቚ𝑋𝑖,𝑗

𝑡 − ห𝑋𝑃
𝑡+1 ∙ 𝐴+ ∙ 𝐿 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 

• Aware Sparrows

𝑋𝑖,𝑗
𝑡+1 =

𝑄 ∙ exp −
𝑋𝑤𝑜𝑟𝑠𝑡

𝑡 − 𝑋𝑖,𝑗
𝑡

𝑖2
, 𝑖 >

𝑛

2

𝑋𝑃
𝑡+1 + ቚ𝑋𝑖,𝑗

𝑡 − ห𝑋𝑃
𝑡+1 ∙ 𝐴+ ∙ 𝐿 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
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Sparrow Search Algorithm (SSA)

Number of sparrows 50

Maximum iteration 70

Search dimension 2

Final selection 

criterion

Minimum fitness 

value

Initial PI gains
𝐾𝑝∶ 0.05

 𝐾𝑖∶ 0.005

Search range of PI 

gains

Kp ∈ [0 , 0.2]

Ki ∈ [0 , 0.01]

Update Sparrow 

Positions

Check Convergence 

and Output Optimal 

Gains

Simulate Surrogate 

Model

Evaluate Objective 

Function

Initialize Candidate 

PI Gains

𝐽𝑓𝑎𝑛 = 𝐽𝑇,ℎ𝑖𝑔ℎ + 𝐽𝑇,𝑙𝑜𝑤 + 𝐽𝑢 + 𝐽𝛥𝑢 + 𝐽𝑠𝑎𝑡 + 𝐽𝑠𝑠

𝐽𝑝𝑢𝑚𝑝 = 𝐽𝛥𝑇,ℎ𝑖𝑔ℎ + 𝐽𝛥𝑇,𝑙𝑜𝑤 + 𝐽𝑢 + 𝐽𝛥𝑢 + 𝐽𝑠𝑎𝑡 + 𝐽𝑠𝑠

Temperature 

Tracking 

Performance

Control 

Effort and 

Stability

Research methodsResearch Methodology
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Fuzzy Control

Research methodsResearch Methodology

PI Gain Scheduling

Fan and Pump PI 

Control

Membership 

Calculation

Fuzzy Rule 

Evaluation

Vehicle Speed Input
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Validated surrogate model for optimization

Validated speed-dependent PI gains

Research methodsResearch Methodology
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Test Cycle Verification

The four driving cycles provide a 

comprehensive evaluation of the vehicle model 

under different speed ranges and transient 

conditions. The simulated vehicle speed closely 

follows the reference profile in MBC, BCDC, 

OCBC, and HDUDDS [7] , including frequent 

stop-and-go operation and high-speed variations. 

These results confirm the model ability to 

accurately reproduce vehicle speed dynamics 

under various driving conditions.

[7] A. Łebkowski, Studies of Energy Consumption by a City Bus Powered by a Hybrid 

Energy Storage System in Variable Road Conditions. Energies 12(5) (2019) 951.
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System Verification

The fan and pump power 

models were validated under 

a total fuel cell output of 180 

kW. The simulated pump 

and fan powers were 1.11 

and 12.57 kW, with relative 

errors of 2.70% and 0.55%, 

confirming good agreement 

with the reference values.

The motor  model  was 

validated using four driving 

cycles .  The operat ing 

points remained within the 

reference torque–speed 

envelope. Relative errors at 

selected speeds ranged 

from 0.20% to 3.20%, 

confirming good agreement 

with the reference data.

[8] Y. Kim, J. Kim, and K. Min, Analysis of power consumption on BOP

system in a fuel cell electric bus according to the fuel cell load range.

International Journal of Automotive Technology 25(4) (2024) 701-715.

[9] A. Ritari, J. Vepsäläinen, K. Kivekäs, K. Tammi, and H. Laitinen, Energy

Consumption and Lifecycle Cost Analysis of Electric City Buses with

Multispeed Gearboxes. Energies 13(8) (2020) 2117.
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Vehicle System Performance

• The traction power demand varies with vehicle speed. The fuel cell 

provides the primary power, while the battery supports transient load 

changes and absorbs regenerative braking energy during deceleration.

• The battery SOC increases from approximately 48.0% to 51.3%, 

indicating that regenerative braking energy and surplus fuel cell power are 

stored in the battery. The fuel cell and battery jointly satisfy the motor 

power demand under dynamic driving conditions.
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PI Controller Optimization

Second , third , and fourth-order state-space models were evaluated using separate estimation and validation

datasets. The estimation fits exceeded 93%, while the validation fits ranged from 83.34% to 86.59%. Since

increasing the model order did not consistently improve validation accuracy, the second-order model was

selected to balance prediction performance, generalization capability, and computational efficiency.

Research methodsResearch methodsResults and Discussion



Hydrogen Energy and Fuel Cell 

Research Laboratory
20

Sparrow Search Algorithm (SSA)Convergence at Different Vehicle Speeds

The objective function decreased

rapidly during the early iterations

and gradually converged to a stable

value at all tested vehicle speeds.

Most cases reached convergence

within approximately 10~30

iterations , indicating that SSA can

efficiently and consistently identify

suitable PI controller parameters.

B

Research methodsResearch methodsResults and Discussion
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Sparrow Search Algorithm (SSA) Convergence at Different Vehicle SpeedsB

Research methodsResearch methodsResults and Discussion
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Speed-Scheduled Optimization Test ConditionsC

A multi-speed test profile was designed to evaluate the optimized PI controller under different

thermal-load conditions. After an initial 200 s acceleration period, each speed was maintained

for 150 s to ensure that the thermal response approached a stable operating condition.

Test speeds
100, 80, 60, 40, and 20 

km/h

Initial acceleration period 200 s

Duration of each speed 

segment
150 s

Comparison
Original PI vs. 

SSA-Optimized PI

Research methodsResearch methodsResults and Discussion
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Control Response and Energy Consumption at 100 km/hD

• The pump is controlled by a feedforward lookup table, so its command remains nearly unchanged 

after optimization. 

• The optimized fan PI controller reduces control oscillation and peak duration. 

• Unnecessary fan operation is reduced, resulting in a 5.11% decrease in fan energy consumption.

Control 

Strategy

Fan Energy

Consumption 

(Wh)

Energy 

Saving

Rtae (%)

Original PI 50.34 –

Optimized PI 47.20 5.11 %

Research methodsResearch methodsResults and Discussion
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Comparison of Thermal Management Strategies

• FFP–OPI：

Feedforward Pump + Original PI Fan Control 

• FFP–SFPI：

Feedforward Pump + SSA-Optimized Fuzzy 

PI Fan Control 

• SOPP–SFPI：

Optimized Pump PI + SSA-Optimized Fuzzy 

PI Fan Control

FFP–SFPI provides the best balance between 

temperature-tracking accuracy and auxiliary 

energy consumption.

Research methodsResearch methodsResults and Discussion
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Research Highlights
Surrogate-Model-Based SSA Optimization with Fuzzy Gain-Scheduled PI Control 

for Fuel Cell Bus Thermal Management
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Metal-Support Solid Oxide Fuel Cell (MS-SOFC)
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HIL (Hardware in the Loop) Test Platform Fuel Cell Thermal System
Hardware-in-the-Loop (HIL) Simulation — Signal Flow

Real ECU  dSPACE Virtual Plant (Fuel Cell & Thermal System)



• Computational Fluid Dynamics (CFD)
• Single-Phase Immersion Cooling (SPIC)
• Analysis of Heat Dissipation Performance

Internal component layout, airflow path, and baffle configuration

Simulated steady-state temperature distribution

Server Cabinet Configuration Adopted from the Literature
Coolant Velocity Distribution and Flow Streamlines

AI Data server's heat transfer



Heatsink (Al)

TIM2 (graphite)

Cu lid (Cu)

Chiplet (Si)

Bump (Solder 60Sn-40Pb )

Adhesive 

Substrate (FR4) 

TSV (Outer layer ( SiO₂) 
inner layer (Cu )Interposer (Si)

Micro bump (Solder 60Sn-40Pb )

TIM2 (silicone grease)

Chiplet spacing 2.5 mm

Bump spacing 1.0 mm

Chiplet Volumetric heat 
source

2e7 W/m³

Block heat source 2e5 W/m²

Hotspot 4e7 W/m²

Heatsink Surface convection 
heat transfer coefficient

h = 10 W/m²K

Substrate Surface convection 
heat transfer coefficient

h = 2 W/m²K

Initial/Ambient Temperature 293.15 K

Simulation conditions :

Semiconductor package structure ( ASE Technology Holding Co. )

bending
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