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Abstract- Advantages like high reliability, long cycle life, high energy storage capacity and deep discharge of an
Flywheel Energy storage system (FESS) can potentially enhance the performance of the hybrid vehicles. This
paper the study related to integration of Flywheel Energy storage system (FESS) to an already available model of
parallel hybrid vehicle with retransmission torque coupling, i.e., replacing the conventional chemical battery with
an equivalent mechanical battery. FESS employed for the analysis comprises an integrated flywheel homopolar
inductor machine with High frequency drive. The simulation results of an Electrically Peaking Hybrid (ELPH)
are used as a base work in the present analysis. The ELPH model uses a control strategy to optimize the vehicle
performance with a major concern for battery performance. The paper analyzes the performance of considered
FESS model under the same control strategy and driving conditions. A MATLAB/SIMULINK model is used for
the analysis of the vehicle for both urban and highway drives. Finally a comparison is drawn between the
performances of the chemical battery, working in its best efficiency range, as a result of the applied control
strategy, to that of the considered FESS. It is inferred from the simulated results that the performance of employed
FESS is satisfactory in comparison to chemical batteries. It is therefore expected that FESS can be effectively
employed in hybrid vehicles.
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1. INTRODUCTION

Electric battery powered vehicles have some advantages over ICE powered vehicles, but their shorter range is a
major drawback in their performance. Traditional internal combustion engine (ICE) vehicles suffer from poor fuel
economy and environmental pollution. Poor fuel economy is based on perating the engine in the low efficiency
region for most of the drive cycle and (ii) dissipation of the vehicle's kinetic energy during braking. Both of these
shortcomings can be overcome by the use of Hybrid Electric Vehicle (HEV). An HEV combines a conventional
propulsion system with an onboard rechargeable energy storage system (RESS) to achieve better fuel economy
than a conventional vehicle as well as greater range than an electric vehicle. HEVs prolong the charge on the RES
by capturing kinetic energy through regenerative braking, and some HEVs also use the engine to generate
electricity through an electric generator (M/G) to recharge the RES. HEVs have smaller engines and can run at
different speeds, providing higher efficiency. HEVs allow greater fuel economy and lower emissions than
conventional ICE vehicles:

»  Allowing the engine to stop under vehicle stop condition,

» Downsizing the engine for same peak load requirements, as the motor will assist the engine for such

higher loads, and
» Allowing regenerative braking, not possible in conventional vehicle. In urban drive conditions, about
30% of the fuel can be saved through regenerative braking because of the frequent stop and go conditions.

HEVs come in two main configurations: series and parallel hybrids. Even within parallel hybrids, there are
multiple ways to arrange the engine, motor, and transmission for optimal performance. This can be done through
speed coupling, where speeds of the engine and motor are combined, or torque coupling, where torques are
summed using a torque coupler. The parallel hybrid is preferred for its advantages over series hybrids, including
lower emissions, improved efficiency, simpler setup, and better performance. The focus of analysis is on the
‘pretransmission torquecoupled parallel hybrid drivetrain’. However, batteries in HEVs have drawbacks like
limited cycle life and modest power densities. To address these, alternative Energy Storage Systems (ESS) like
Flywheel Energy Storage Systems (FESS) are being researched. Flywheels offer high reliability, long cycle life,
and higher energy storage per kilogram than batteries, meeting peak power demands. The FESS used in the
analysis is the 'Integrated Flywheel Energy Storage System with Homopolar Inductor Motor/Generator and High
Frequency Drive', providing benefits such as reduced weight, lower costs, and simpler manufacturing.

2. SYSTEM DESCRIPTION

The system analysis focuses on an Electrically Peaking Hybrid Electric propulsion system with a parallel
configuration. Compared to conventional ICE vehicles, this setup downsizes the engine, using a smaller one
approximately equal to the average load power. An AC induction motor supplements power needs beyond what
the engine provides, while also absorbing excess engine power when load demands are low. This surplus power,
combined with regenerative braking, charges the Flywheel Energy Storage System (FESS) to maintain its State
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of Charge (SOC) at an optimal level.

The operation of the vehicle is meticulously managed by a sophisticated vehicle controller, which serves as the
central hub for communication between various subsystems including the motor controller, engine controller, and
FESS controller. These subsystems receive and respond to input signals originating from the accelerator and brake
pedals, allowing for precise control and coordination of the vehicle's propulsion system. To optimize performance
under different driving conditions, two distinct control strategies are implemented: "MAXIMUM BATTERY
SOC" ensures that the battery maintains a specific range of state of charge (SOC), thereby maximizing efficiency
especially during urban driving where frequent acceleration and deceleration occur. On the other hand, the
"ENGINE TURNON AND TURNOFF" strategy intelligently manages the engine's operation based on the SOC
of the RESS, making it particularly suited for highway driving scenarios.
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Fig. 2.1 Pretransmission Torque Coupled ELPH
In addition to the implementation of control strategies, the vehicle is equipped with an innovative integrated
flywheel system, which represents a significant advancement in energy storage technology. This system
seamlessly combines the energy storage accumulator and rotor into a single, cohesive unit, resulting in a highly
streamlined design. By integrating these components, the system achieves not only a reduction in weight and
volume but also an enhancement in overall system efficiency. This streamlined design optimizes space utilization
within the vehicle while simultaneously improving its performance characteristics. Furthermore, the decision to
utilize homopolar inductor motors instead of traditional PM motors for FESS applications offers several notable
advantages. These advantages include increased reliability, thanks to the simpler construction and reduced number
of moving parts, which inherently decreases the likelihood of mechanical failure. Additionally, homopolar
inductor motors exhibit reduced sensitivity to temperature variations compared to their PM counterparts, ensuring
consistent performance across a wide range of operating conditions. This strategic choice underscores a
commitment to maximizing the robustness and longevity of the vehicle's propulsion system, ultimately
contributing to its overall effectiveness and reliability in real world driving scenarios.
The primary objective of the study is to conduct a thorough comparison of the performance attributes of Flywheel
Energy Storage Systems (FESS) and chemical batteries within the context of hybrid vehicles. This research
endeavor is motivated by the overarching goal of addressing prevalent research gaps in the field and elucidating
the relative strengths and weaknesses of each energy storage technology. To achieve this objective, the study
employs a meticulous approach that involves the analysis of simulation results derived from the Electrically
Peaking Hybrid Electric (ELPH) propulsion system. These simulations are carried out utilizing a sophisticated
SIMULINK model, which enables the accurate representation of the vehicle's behavior under various operating
conditions. By subjecting the system to simulations emulating both urban and highway drive cycles, the study
aims to extract valuable insights into the performance dynamics of FESS and chemical batteries. Moreover, the
study goes a step further by generating lookup tables based on the simulation results, which serve as invaluable
tools for conducting in depth analyses and comparisons. Through this comprehensive methodology, the research
contributes significantly to the ongoing advancement of hybrid vehicle technology, offering valuable guidance
for researchers, engineers, and stakeholders in the automotive industry.
The initial SOC of the battery is assumed to be at a level of 50%. Thus the instantaneous energy of the battery
Ebpatt, will become

Ebatt = Eogatty T AEpatt
where Epar) is the assumed initial energy level of the battery and AEbatt is the change in the energy of the battery
at any instant with respect to the initial energy of the battery. Then the instantaneous power level of the battery
Pbatt, can be determined by simply differentiating the instantaneous energy of the battery with respect to time.
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dEbatt
dt
The plot between the efficiency of the battery npar, and its SOC i.e. the efficiency of the chemical battery at any
instant as a function of its instantaneous SOC has been determined by drawing lookup tables in SIMULINK
model. The instantaneous power of the vehicle interacting with the RESS i.e. basically the instantaneous electrical
machine power of the vehicle, can be determined as follows:
Pveh = Poatt.Noatt 1 Poart <0
Pveh = Poat/Mpatt if Ppart > 0
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Fig 2.2 MATLAB/SIMULINK Model used for the Analysis
where positive and negative values of Pya corresponds to the charging state and discharging state of the battery
respectively, and

f(SOC) = Mbatt

When the chemical battery in the system is replaced with a mechanical battery, specifically a Flywheel Energy
Storage System (FESS), it introduces a new dynamic in the interaction of instantaneous power at the vehicle's
end. Reference [5] provides a comprehensive plot illustrating the efficiency of the FESS across different power
levels. These efficiency values are crucial for understanding the FESS's performance under varying power
demands. To incorporate this into the simulation model, a lookup table is meticulously generated using the data
from the efficiency plot. This lookup table is then integrated into the SIMULINK model, allowing for the
determination of the instantaneous efficiency of the overall FESS, denoted as nFESS, as a function of its
instantaneous power, represented by the equation nFESS = f(PFESS). Importantly, this calculation is averaged
over the speed range of the flywheel, ensuring that the model accurately represents the FESS's behavior across its
operational spectrum. By adopting this meticulous approach, the simulation framework can provide valuable
insights into how the FESS interacts with the vehicle’'s power requirements, thereby contributing to a
comprehensive understanding of its performance characteristics and informing future advancements in hybrid
vehicle technology.

Now the instantaneous power of the FESS, Peess can be determined as follows:

t
AE pyss = [ Prggs i
0

AEress, the initial energy of the FESS i.e. at the start of the drive cycle is added to this change in energy to get the
instantaneous energy level of the FESS. Then the quantity is divided by the total energy capacity of the FESS
(Emax(ress)), to get the instantaneous State Of Charge of the FESS, FESS SOC.

. (Eq(ressy + AE pess )
SOC ppeg = — XD T 27EESS )

Emzx(FE.SS)
In a similar manner the instantaneous SOC of the battery, SOCpa: can be determined, and finally a comparison
between the two is drawn to establish the satisfactory performance of an FESS in a parallel hybrid drive train.
(E +AE;..)
e Cg,m 2 O barr) bart

Emle:barf}

3. RESULTS AND DISCUSSION

The numerically simulated results comparing the performances of the chemical battery and the Flywheel Energy
Storage System (FESS) are meticulously generated for the entirety of the drive cycles, specifically the FTP75
Urban and FTP75 Highway, using the elaborated SIMULINK model. Fig. 3 visually presents the results of the
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comparison, specifically focusing on the State Of Charge (SOC) of the flywheel (SOCFESS) in contrast to that of
the chemical battery (SOCbatt) over the FTP75 urban drive cycle. These results are derived from simulations
covering a cycle duration of 1400 seconds, offering a comprehensive assessment of the system's performance
under typical urban driving conditions. The control strategy implemented for the urban drive cycle is the
'MAXIMUM BATTERY SOC," which prioritizes maintaining the battery's SOC within a specific range for
optimal efficiency. By visualizing and analyzing these results, researchers and engineers gain valuable insights
into how the FESS performs relative to the chemical battery across varying driving scenarios, thus informing

further refinements and advancements in hybrid vehicle technology.
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Fig. 3.1 Plot between SOC of the FESS and the Time for FTP75 Urban Drive Cycle

The analysis of the plotted data reveals that even under conditions of deep discharge, such as those observed
around the 200second mark, the performance of the Flywheel Energy Storage System (FESS) remains satisfactory.
Moreover, across the entirety of the drive cycle, the FESS performs comparably well to the chemical battery. Fig.
4 illustrates the relationship between the State Of Charge (SOC) of the FESS (SOCFESS) and the chemical battery
(SOCbatt) over the complete FTP75 Highway drive cycle. The control strategy employed for this specific drive
cycle is the 'ENGINE TURNON AND TURNOFF' strategy. Upon closer examination of the plot, it becomes
evident that during instances of very deep discharge, approximately around the 350 and 650second marks, the
FESS effectively supplies the required power in accordance with the vehicle's traction demands. Furthermore,
during vehicle deceleration, particularly during regenerative braking, the FESS demonstrates an impressive ability
to capture a substantial amount of energy, as facilitated by the motor/generator set. This phenomenon is clearly
illustrated in the plot, notably around the 550second mark, where a notable increase in FESS charging occurs.
These findings underscore the FESS's performance parity with the best performing chemical batteries during
highway driving scenarios. It is worth noting that for both drive cycles, the final SOC level of the FESS at the
conclusion of the drive cycle is approximately 2.5% lower than that of the chemical battery. However, this
observation pertains to the optimal performance of a chemical battery, suggesting room for significant
enhancement in the FESS's performance.
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Fig. 3.2 Plot between SOC of the FESS and the Time for FTP75 Highway Drive Cycle
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CONCLUSIONS

Based on the comprehensive analysis of the numerically simulated results and the detailed discussions presented
in the preceding sections, it can be inferred that the integration of Flywheel Energy Storage Systems (FESS) holds
significant promise for the effective enhancement of hybrid vehicles. The findings suggest that FESS exhibits
satisfactory performance levels when compared to chemical batteries operating within their optimal efficiency
ranges. Notably, the results indicate that not only does the FESS demonstrate performance comparable to that of
chemical batteries, but its incorporation also has the potential to elevate the overall performance metrics of hybrid
vehicles. This conclusion underscores the viability and potential benefits of integrating FESS technology into
hybrid vehicle platforms, offering a compelling alternative to traditional chemical battery systems. Furthermore,
these insights provide valuable guidance for further research and development efforts aimed at optimizing and
advancing the utilization of FESS in the realm of hybrid vehicle technology.
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