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Abstract 
In this study, we present a regulation architecture developed to coordinate a hybrid-
powered source for an 5 kW electric golf cart. Polymer Electrolyte Membrane Fuel Cell 
(PEMFC) module, batteries, supercapacitors, and their respective power conditioning 
units are composed to power the golf cart with optimizing the overall operation for its 
different frequencies and duration times by using the powered demand for each energy 
source determined in real-time with a basis on frequency distribution and a defined 
cutoff frequency under the dynamical capacities of the sources. Functional simulation 
obtained, where. Results demonstrate that not only the power ensures the adequate 
battery and supercapacitor state of charge and soft current demands to keep the PEMFC 
working in its safe operating condition, but also the DC bus voltage unders the cycle 
dynamometer driving schedule (CYC-UDDS) golf-cart-drive-cycle as load profiles. 
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1. Introduction 

Fuel cells are electrochemical generators of electricity and heat that offer a high energy density and 
high efficiency. Also, it is a renewable alternative to fossil fuels such as natural gas, coal, and oil. 
However, the state of development of this technology does not allow today to advantageously 
compete with the internal combustion machines because of their high cost and low power capacity 
[1]. The electricity of the capacitor is not based on the chemical reaction but stored directly in the 
form of an electrostatic physical field. So, the energy delivered much faster than the fuel cells or 
batteries. Supercapacitors can produce high electrical power but offer a less favorable energy density 
than fuel cells or batteries.  

The combined high energy density with high-power density can achieve with a fuel cell-battery-
supercapacitor assembly. Hybridizing electrical power sources allow the range of operation to be 
expanded in order to improve the dynamic response of the system and reduce the cost since the 
sources sized according to their use. The efficient service of a hybrid system is ensured by the energy 
management strategies. To deal with the appropriate distribution of power demand between the 
generator of fuel cell and the charge/discharge of battery and supercapacitor, a suitable state of charge 
(SOC) of the module must be also ensured with including control rules and provide enough constant 
tension from different sources. 

The studies of Zhang [1], Erdinç et al. [2], [3], Thounthong et al. [4], [5] and Feroldi et al. [6] are 
some examples of the use of several converter topologies for transport applications. Based on some 
critical factors, lower cost, higher efficiency, electrical isolation, reliable operation, and no ripple by 
conditioning the hybrid power system topology. From the given above factors, as well as typical load 
requirements, various topologies can be used to drive hybrid systems. The more common topology 
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for hybrid systems that has described in the literature is composed of multiple DC/DC converters. 
Thounthong et al. [7] and [8] are examples of the application of the methods for this hybrid structure. 

In this study, we design only one DC/DC converter in a hybrid power system which is composed of 
a fuel cell, battery, and supercapacitors. The hybrid power can not only provide a maximum power 
of 5 kW, but also involve decisions regarding the selection of the hybrid system architecture as well 
as the choice of topology and sizing of a converter unit. The management strategy aims to satisfy the 
load's electrical motor demand and promote efficient energy consumption. Its performance evaluated 
by developing a simulator that includes the dynamics of the elements involved in two sources and the 
unit of converters. The hybrid power system is supposed to feed a consumption profile corresponding 
to a low-speed electric vehicle driving at its maximum less than 25 km per hour. Therefore, a CYC-
UDDS golf-cart-testing required during the simulations, which makes it possible to evaluate the 
performances of the hybrid power system and, more specifically, energy management.  

2. Method 

First, an integral simulator built with MATLAB/Simulink software. The simulator consists of 
modules containing mathematical models that predict the behavior of the various devices constituting 
the hybrid system. The PEMFC module supplied a 1 kW output of Horizon H-1000 XP stack used at 
a 30 V @ 33.5 A nominal. The supercapacitor models the load-discharge cycles of a 48 V 83 F 
Maxwell bank. Six of Trojan T-875 8 V 170 AH @ 20 hours series-connected battery bank gives a 
total 48 V.The section headings are in boldface capital and lowercase letters. Second level headings 
are typed as part of the succeeding paragraph (like the subsection heading of this paragraph). All 
manuscripts must be in English, also the table and figure texts, otherwise we cannot publish your 
paper. Please keep a second copy of your manuscript in your office. When receiving the paper, we 
assume that the corresponding authors grant us the copyright to use the paper for the book or journal 
in question. When receiving the paper, we assume that the corresponding authors grant us the 
copyright to use the paper for the book or journal in question. When receiving the paper, we assume 
that the corresponding authors grant us the copyright to use. 

A DC/DC converter modulates and boosts directly to the voltage to 48 V, which connected with the 
PEMFC's output to the bus.  The battery bank used to condition the charge-discharge cycles, and the 
supercapacitor module recovers the braking energy. The different components have integrated into 
the Simulink environment. Then the energy management strategy designed considering the 
characteristics and performances of the sources. The result is a strategy of three hierarchical levels, 
the central aspect of which is the definition of local and global control laws. 

Finally, the complete system evaluated in terms of the level of frequency and duration time with a 
field of operation of a small PEMFC stack, battery, and supercapacitor bank. Golf-cart engages in 
particularly in a lot of uphill and downhill areas of a country club.  So, we added the battery and 
supercapacitor to simulate the discharge and charge in climbing and braking. 

3. Objective, Architecture and Topology 

Design and evaluate an energy management strategy delivered by a hybrid source, consisting of a 
fuel cell, battery, and supercapacitor module, used in electric golf-cart applications. 

Specific objectives. 

The selected hybrid source architecture and power converter unit topology are connected to the 48V 
DC bus and match the dynamic demand characteristic of electric golf-cart applications. 

Simulate a hybrid power system consisting of a fuel cell assembly-bank of batteries-supercapacitors, 
and a control system of power sources. 

Identify the criteria for distributing the demand for energy between sources. 

Designate local and global control laws. 

Design the overall system management algorithm. 



International Core Journal of Engineering Volume 8 Issue 3, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202203_8(3).0072

 

599 

Evaluate, in simulation, the proposed energy management strategy, considering a standard CYC-
UDDS golf-cart-drive-cycle on a 5-kW scale. 

In this study, a two-seat golf-cart and its specification (see Table 1) with a single DC/DC converter 
conditioning topology structure with single converter has proposed. It gives the possibility to deliver 
the power setpoint from the hybrid energy sources while maintaining the bus voltage at the desired 
level. This adapted topology has applied in different areas, and the simplest excellent flexibility in 
designing the power management strategy been involved. The conditioning system has only one 
converter connected to PEMFC that can regulate the voltage of the PEMFC source while effectively 
protecting the fuel cell.  In the hybrid power system, the PEMFC interfaced with the load with a 
single DC/DC boost converter, and the supercapacitor with the battery modules, they connected in 
parallel to an applicable DC bus, which is also interfaced to load. Fig. 1 shows the functional 
organization of the control strategy. 

 

Table 1. golf-cart specification 
Passengers Full lengthFull width/ 

Height 

Wheelbase Track Dry weight Rated voltage Grade Braking Motor Tire 

2 2395 mm 1200mm/ 

1790mm 

1640mm 870mm F/ 

980mm/R 

436kg 48V 2.8m Braking  

recovery 

5kW 18X8.5cm 

 

Due to the multiple physical-chemistry nature of multi-energy-source, the efficiency and economy of 
these hybrid systems depend primarily on the effectiveness of the adapted energy management 
strategy (EMS) that is widely accepted in the interrupting operation and transient behavior increase 
the mechanical stresses inside the fuel cells, and therefore decrease the lifecycle. On the other hand, 
the continuous regulation of the state variables of a battery bank such as the current flow, the 
temperature, and the heat dissipation leads directly to the more stringent requirements of the dynamic 
responses of the actuators and sensors that increase the cost of the overall system potentially. 

 

 
Fig. 1 Control block diagram for drive system. 
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Energy management strategies based on frequency decoupling, during the operation of a hybrid 
power system, consider that charge/discharge transitions can occur frequently. It is especially true for 
golf-cart applications. Due to pressure oscillations and the possibility of oxygen deprivation, transient 
changes in load demand occurs very repeatedly and causes dynamic stress on the PEMFC membrane 
that reducing the service life of the system. To ensure the life of the fuel cell and battery, therefore, 
one can prevent the power system from working with high frequencies. Solving the obstacle is to 
insert a supercapacitor as a first-order low-pass filter with a cutoff value that limits the operation of 
the FC and battery. 

The design of the hybrid system started with the selection of a 48 V constant voltage bus (DC), 
suitable for electric golf cart structures. The components of the system have dimensioned for this 
small traction electrical motor of 5 kW. The hybrid generator consists of a Horizon H - 1000 XP 
PEMFC (400 W - 1100 W, 0 A - 40 A nominal), coupled with a bank of Trojan T - 875 (48 V 170 
Ah @ 20 Hours) as the auxiliary source, as well as their respective power conditioning units. A DC / 
DC boost converter is used to regulate the DC bus, where the load exerted by a traction force of the 
electric vehicle fed and to power the PEMFC, while a Maxwell supercapacitor bank (83 F, 48 V) 
manages the recovered energy of the braking cycles. The energy management strategy serves to 
coordinate all the elements in the power system to provide the power demanded by the load 
continuously, keeps the bus voltage constant, and ensures the states of charge/discharge of the battery 
and supercapacitor. 

Here, the energy management strategy can organize into three hierarchical levels [9]. The first level 
is the global control, also called demand interpretation module, aimed at regulating the voltage on the 
DC bus. The output of the request interpretation module denotes the input of the following control 
loops, comprising the lower hierarchical levels. The second level consists of two modules that are 
battery and supercapacitor. The fuel cell used as the current source, the battery is the voltage source, 
and the supercapacitor is the first-order energy filter. The internal control module of a DC/DC 
converter is responsible for regulating the output of the PEMFC. Then, the power distribution module 
between the fuel cell, battery, and the supercapacitor based on the analysis of the frequency response 
of the driving cycles. The final level has internal control loops, which manage the interaction between 
the power conditioning units and the multiple sources. The evaluation of the proposed strategy 
described below using the CYC-UDDS golf cart is the driving cycle. 

The global control loop has two objectives. one is to regulate the bus voltage to 48 V DC. The other 
is to obtain the output current for the fuel cell and control SOC of battery and filter the high-frequency 
current demand by a supercapacitor. In globally determines the energy demand delivered by each 
source. The hybrid-powered system maybe not satisfy the total energy demanded from the load 
demands. The aggregate demand must give at each moment the deficit and the additional power in 
the complete system. This module needs to monitor two inputs, the measured variable bus voltage, 
the current load requirement, and both of the voltage of the battery and supercapacitor. The output of 
the hybrid power source is the reference current of the upper level of energy management. So, the 
control module has an internal PID voltage controller. The variable current load is considered as a 
disturbance and added to the output of the bus voltage controller. 

The energy management module determines the power distribution between the sources to define the 
current references of the sources that primarily consists of two functional modules: power distribution 
module and battery state of charge regulation module. Also, the management strategy considered here 
based on the consideration that the dynamic behavior of sources does not occur in the same frequency 
range. Thus, PEMFC are high-density devices, but they have lower power capabilities than energy 
storage and by consequence of slower responses. As a result, to ensure any load profile an adequate 
response power, the supercapacitor and battery make the contribution on the discharge current at the 
high and low frequencies, respectively. 
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4. Result and Discussion 

The consumption of an electric golf cart depends on various factors, for example, such as temperature, 
speed, load, aerodynamics, tires, and even driving habits. Several studies have already demonstrated 
the difficulty of dealing with these characteristics. [10, 11] In order to describe the typical 
performance of an electric vehicle-these standards of conduct commonly used in the development, 
design, and testing phases of electric cars, several standards have been defined in recent years. A 
standard driving cycle is a fixed route of operation of a vehicle that makes it possible, for example, 
to test fuel consumption from a mobile under reproducible conditions. On the other hand, driving 
cycles are generally defined in terms of vehicle speed as a function of time.  

For validating the energy management strategy, the CYC UDDS golf cart drive cycle is chosen in 
this study. The dynamometric driving and work programs are used in the US National Vehicle & Fuel 
Emissions Laboratory (EPA) to measure vehicle emissions and test quantifying fuel economy. The 
EPA UDDS is commonly referred to as the "City Test" and denotes the driving conditions in the city. 
The speed of the golf-cart can be translated into power that considering the mechanical characteristics 
of the electric golf-cart. For example, the mass, the coefficient of friction, the form drags factor of 
penetration into the air, and the uphill and downhill slope of the golf club. Thus, the current profile 
charge can be estimated. Assuming there is a typical electric golf-cart driving, its speed profile 
corresponding to the CYC-UDDS golf-cart-drive-cycle. 

The load profile was corresponding to the CYC-UDDS cycle, also shown in Fig. 2, while the 
maximum load reached near 3.5 kW at near 370 seconds. The measurement cycles of PEMFC, battery, 
and supercapacitors have different frequency properties: therefore, different power distribution 
between sources expected concerning the implementation of the proposed EMS. Negative-power 
values result as the speed decreases, indicating that some of the energy dissipated due to vehicle 
braking. Notably, the load power profile includes the negative power values. The braking can 
regenerate, so this electricity is supposed to be recycled to charge the supercapacitor and battery. 

 

 
Fig. 2 CYC-UDDS golf-cart drive cycle power profile. 

 

Fig. 3 shows the simulated powertrain system that demonstrates the dynamics required for the torque 
when considering that the power profiles of the driving cycles. 

 

 
Fig. 3 CYC-UDDS driving cycle’s required torque. 
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The supercapacitor is active to operate in the delivery of positive values or recovery periods of 
negative values in almost all the time. The charge of the battery performed when the power demand 
of the vehicle characterized by low-frequency signals (red signals in Fig. 4). However, the charged 
supercapacitor with the energy recovered from the braking (blue signs) with the high frequency of 
the input signals. 

 

 
Fig. 4 Battery and supercapacitors’ discharge/charge power. 

5. Conclusion 

In this study, a power energy management strategy for a 5kW electric golf cart hybrid-power sources 
were proposed and evaluated in a simulation environment. The hybrid-power system is composed of 
a PEMFC as a primary energy source, a bank of batteries and supercapacitors as a power storage unit 
for delivering high-frequency stresses and recovering braking energy. Due to only a single DC/DC 
converter is adapted to regulate DC bus output, which allows the most straightforward connection 
among the different power sources and the DC bus. 

Even when the slow dynamics of the fuel cell cannot meet fast power demand transitions, on the other 
hand, few studies attempt to solve the problem. Using the proposed methodology, unwanted transient 
phenomena, such as oxygen depletion and fuel cell utilization in the concentration region with non-
linear behavior, are avoided. Furthermore, the proposed management strategy can stabilize dynamic 
characteristics of the fuel cell while reducing the charging cycles of the battery, and adequately 
supporting the charge state of the supercapacitor by recovering the braking energy. 

Among the benefits of the proposed energy management strategy in this study are the following: the 
use of one converter, not three ones, improves the response of the control mode to fast transients. 
Also, the delays usually present in complicated models are reduced. Since direct control loops are 
faster than programmed control loops, the simplest structure of energy management allows rapid 
response to disturbances that have strongly impacted output in other circumstances. 
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