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Abstract— Unlike other studies that focus solely on determining 
the optimal power distribution for a fuel cell hybrid electric vehicle 
(FC-HEV), this paper aims to integrate water management into 
the energy management strategy (EMS) by designing an adaptive 
efficient purge strategy. This study investigates the impact of 
integrated water management into the EMS (IWM-EMS) on the 
performance and operating cost of FC-HEV. The IWM-EMS 
consists of two levels: the first level is the EMS, which determines 
the optimal power, and the second level is the proposed purge 
strategy. The proposed IWM-EMS in this study is the adaptive 
IWM-EMS (AIWM-EMS), which utilizes an adaptive efficient 
purge strategy that can adjust based on the FC reference current. 
Another IWM-EMS is the non-adaptive IWM-EMS (NAIWM-
EMS), which utilizes a constant purge strategy suggested by the 
FC manufacturer for all current levels. The results show that the 
FC-HEV under the AIWM-EMS consumes 4.09% less hydrogen 
than the NAIWM-EMS and reduces total operating cost by up to 
5.21%.  In addition, 78.36% of the FCs' operating time is spent in 
the high-efficiency zone. 

Index Terms— Energy management strategy, proton exchange 
membrane fuel cell, purge strategy, voltage stability, water 
management. 

I. INTRODUCTION

A. Literature Review

LIGNED with green transportation policies, fuel cell
hybrid electric vehicles (FC-HEVs) have gained significant 
attention in the field of vehicle electrification, with 

widespread development in many countries around the world 
[1]. Proton exchange membrane fuel cells (PEMFCs) are 
employed as the primary power source in FC-HEVs due to their 
distinct characteristics, including high efficiency, low operating 
temperatures, rapid start-up times, and nearly zero emissions [2]. 
However, due to the slow dynamic response of the FC, a 
secondary power source, such as a battery or supercapacitor 
(SC), is utilized in FC-HEVs [3]. In FC-HEVs, due to the 
existence of multiple power sources with distinct 
characteristics, an energy management strategy (EMS) is 
needed to effectively manage power distribution [4], [5]. 
According to the literature, EMSs typically fall into three main 
categories: rule-based (RB), optimization-based (OB), and 
learning-based (LB) [6]. In the literature, various EMSs and their 
combinations are explored. The study in [7] proposes a 
frequency-decoupling EMS using fuzzy control for a FC-HEV. 
The proposed strategy enhances power performance, reduces FC 
degradation, and improves fuel economy by 7.94%. In [8], the 
authors propose an adaptive state machine as a RB-EMS for a 
multi-stack FC-HEV. The proposed EMS improves fuel 
efficiency and reduces FC degradation. In [9], a nonlinear model 
predictive control (NMPC)-based EMS is proposed for FC-

HEVs. The results show that the proposed EMS enhances fuel 
efficiency, minimizes hydrogen consumption, and reduces FC 
degradation. The study in [10] proposes an online efficiency-
optimized EMS for a FC-HEV. The results show an efficiency 
increase to 53% and a reduction in computational burdens. In 
[11], a hierarchical EMS for a FC-HEV using deep 
reinforcement learning (DRL) is developed. The proposed EMS 
improves FC lifespan and enhances fuel economy by 16.8%. 
The paper in [12] presents a three-level EMS for FC-HEV, 
utilizing a dual-reward Q-learning algorithm. This strategy 
improves energy efficiency by 8% and reduces FC degradation. 

B. Impact of Water Management on Voltage Stability
In real-time applications like vehicles, the performance,

durability, and reliability of PEMFC systems are challenging 
and largely depend on effective water management [13]. 
PEMFC performance highly depends on the membrane's 
hydration level, and an imbalance in hydration can reduce proton 
conductivity and lower overall performance. Water transport in 
a PEMFC involves three main processes that influence 
membrane’s water balance and overall performance. The first is 
water generation on the cathode side during the oxygen 
reduction reaction, which increases with current. The second 
process is back diffusion, where water moves from the cathode 
to the anode due to concentration differences. The third is 
electro-osmotic drag, which pulls water molecules, along with 
protons through the membrane toward the cathode [14], [15]. 
Water flooding and membrane drying out are two common 
faults in PEMFC associated with water management 
malfunctions [16]. An increase in the membrane's hydration 
level can lead to flooding, which restricts the access of reactant 
gases and reduces PEMFC performance. Back diffusion is a key 
contributor to this issue. On the other hand, a decrease in 
membrane hydration causes drying out, leading to higher 
membrane resistance and reduced proton conductivity. Electro-
osmotic drag is a primary factor contributing to drying out [16], 
[17]. Flooding and drying out can reduce the PEMFC output 
voltage and power in the short term. If not resolved promptly, 
they can result in long-term effects, eventually leading to 
PEMFC failure [17]. 
 One of the feasible and economical solutions to improve 
water management in PEMFCs is the use of a purge valve. This 
approach is particularly common in dead-end anode (DEA) 
PEMFCs [13]. Using the purge valve is an effective method for 
promptly removing accumulated water and helping the PEMFC 
quickly return to a normal and healthy condition. Determining 
an appropriate purge strategy is crucial for effective water 
management. Some studies focus on analyzing the impact of 
different purge strategies on the water content inside the PEMFC 
[18]–[21]. However, this approach relies on a precise model to 
estimate the water content, which is challenging due to the 
complexity and multi-physics nature of PEMFCs. 
Consequently, it may not effectively enhance water 
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management. One important aspect of designing a suitable purge 
strategy is its effectiveness in real-time applications. Using a 
precise water content model requires a three-dimensional 
approach, which is complex and increases the computational 
burden. This can compromise the real-time applicability of 
purge strategy design. Moreover, an accurate dynamic model of 
water content depends on several parameters, which remains a 
limitation in current studies. 
 Voltage, as the output of a FC system, is a vital parameter 
with a significant impact on FC performance. It acts as an 
indicator, where any drop signals a malfunction in the FC. On 
the other hand, in real-world applications such as FC-HEVs, 
quickly detecting water management faults and taking 
appropriate action to resolve them and restore PEMFC 
performance is highly important. PEMFC voltage is a 
dependable indicator of performance and can be measured easily 
without the need for complex sensors. Therefore, to avoid the 
complexity and inaccuracies of water content models, voltage 
monitoring (VM) is a reliable and widely used method for 
improving water management and detecting PEMFC 
malfunctions in real-world applications [16]. As unstable 
voltage is a consequence of water management faults, 
maintaining voltage stability through an appropriate purge 
strategy ensures effective water management in the PEMFC. In 
this regard, many studies on purge strategies focus on voltage 
stability as the output of the PEMFC system to improve water 
management. These types of studies focus on designing suitable 
purge strategies to achieve effective water management by 
analyzing voltage stability [22]–[24]. In these studies, voltage is 
considered stable if the drop during the purge interval is less than 
100 mV [22], [23], [25]. Fig. 1 shows the effect of the purge 
strategy on water management and voltage stability at 42 A in 
an H-500 DEA-PEMFC with a 20 s purge interval. The dashed 
red line represents the desired voltage, while the blue line 
displays experimental data. At 42 A, a 100 ms purge duration 
fails to remove accumulated water, resulting in flooding and a 
917.5 mV voltage drop, which exceeds the stability limit. A 600 
ms duration guarantees proper water management and reduces 
the voltage drop to 72.5 mV. 
 Despite the effectiveness of the purge method in PEMFCs, 
an important issue with this system is the wasted hydrogen 
during the purge. Since hydrogen is an expensive fuel, 
considering wasted hydrogen when designing a suitable purge 
strategy is essential, as it significantly impacts system 
efficiency and PEMFC operating cost [13], [26]. However, 
there are few studies focused on designing an efficient purge 
strategy that maintains voltage stability while minimizing 
hydrogen consumption [27]–[29]. 
 

 
Fig. 1. Voltage behavior for a 20 s purge interval with: (a)-(b) a 100 ms purge 
duration; and (c)-(d) a 600 ms purge duration.  
 

C. Contributions 
 PEMFC operating current plays a key role in water 
management. An increase in PEMFC current intensifies water 
flooding [30]. Although in some commercial PEMFC systems 
purge parameters are tuned with current levels, the literature 
review illustrates that academic and laboratory-scaled studies 
on purge strategies in PEMFCs focus only on designing a 
constant, non-adaptive purge strategy for all current levels. Due 
to current changes in real-world applications and the sensitivity 
of PEMFC performance to the output current, designing an 
adaptive purge strategy that can adjust to different current levels 
can reduce the risk of water management faults and improve 
PEMFC voltage stability. However, despite the critical role of 
current in PEMFC performance and voltage behavior, 
considering current variations when designing a purge strategy 
is rarely addressed. As a result, since in real-world applications 
PEMFC operating conditions are always dynamically 
changing, the first contribution of this study is to design a purge 
strategy that can adapt to various dynamic conditions. In this 
regard, an adaptive efficient purge strategy is proposed, which 
adjusts based on the PEMFC operating current. 
 In vehicular applications, water management faults are the 
most common issues and cause unstable or decreased voltage. 
In real-world applications like FC-HEVs, voltage stability is 
crucial to ensure the requested power is supplied. As a result, 
considering water management and its effect on voltage 
stability is crucial in real-world applications. Despite its critical 
importance in real-world applications, the integration of water 
management into an EMS has not been addressed. In this 
regard, the second contribution of this paper is the design of an 
integrated water management into the EMS (IWM-EMS) 
utilizing an adaptive efficient purge strategy. The proposed 
purge strategy is implemented in a hardware-in-the-loop (HIL) 
setup to evaluate its effectiveness. 

Ⅱ. DESIGN OF A PURGE STRATEGY THROUGH EXPERIMENTAL 
ANALYSIS 

A. Experimental Setup 
 This study utilizes an air-cooled open-cathode DEA-PEMFC 
manufactured by Horizon Fuel Cell Technologies for 
experiments at the Hydrogen Research Institute’s test center, 
located at the Université du Québec à Trois-Rivières (UQTR) 
[31]. Table Ⅰ shows the technical characteristics of the H-500 
DEA-PEMFC. To develop a suitable purge strategy that avoids 
water management faults and ensures stable PEMFC voltage, 
this study conducts extensive tests using seven purge intervals 
(8–20 s) and eight purge durations (100–1000 ms) across current 
levels ranging from 1 to 42 A. Table Ⅱ illustrates the proposed 
experimental plan. The 8 s interval is used to assess water 
management and voltage behavior below the 10 s purge interval 
recommended by manufacturers, while the 20 s interval is used 
to examine the effects of a longer purge interval. Purge 
durations are selected based on the chosen purge interval range. 
 

TABLE I 
TECHNICAL CHARACTERISTICS OF THE H-500 DEA-PEMFC 

Number of cells 24 
Rated Power 500W 
Voltage range 12-23 V 

Maximum current 42 A 
Operating temperature 0 - 65 °C 

Cooling system Cooling fan (ambient air) 
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TABLE Ⅱ 
EXPERIMENTAL PLAN 

Purge combinations Current levels 
Purge interval 

(s) Purge duration (ms) 1 A, 2 A, 3A, …, 41 A, 
42 A 8, 10, 12, 14, 

16, 18, 20 100, 200, 300, 400, 500, 600 700 1000 

 
While most studies and PEMFC data sheets recommend a 
minimum duration above 100 ms, this study uses 100 ms to 
investigate its effect on water management and voltage 
stability. The 1000 ms duration is defined as the upper limit, 
considered a safe and conservative choice. Experimental results 
confirm that combining this maximum duration with various 
intervals ensures effective water removal and maintains voltage 
stability. 
 In each test, the H-500 DEA-PEMFC runs for 10 minutes to 
reach a steady state. The data from the last 100 s is collected for 
analysis. In the developed PEMFC test center, the ambient 
temperature and humidity are 21 °C and 46%, respectively, and 
a control system maintains these environmental conditions 
during the experiments to improve the quality of the 
experimental results. It should be noted that the PEMFC fan duty 
cycle is 80% to ensure the stack temperature stays within a safe 
range during the purge strategy tests. 

B. Voltage Behavior Analysis 
 In this section, the voltage behavior is analyzed for four 
different currents (10 A, 20 A, 30 A, and 42 A), representing 
low, medium, and high current levels. In the voltage behavior 
analysis, 100 mV is selected as the threshold for unstable 
voltage, as exceeding this value can lead to water management 
faults. 
 1) Voltage Analysis of the Manufacturer's Suggested Non-
Adaptive Purge Strategy: The purge strategy suggested by the 
H-500 manufacturer consists of a purge interval of 10 s and a 
duration of 100 ms. Fig. 2(a)-(d) shows the voltage behavior, 
and Fig. 2(e) displays the status of the purge valve. As shown 
in Fig. 2(a)-(b), the average voltage drops during the purge 
intervals are 25 mV at 10 A and 21.11 mV at 20 A, indicating 
that the PEMFC is operating safely without water management 
faults. According to Fig. 2(c)-(d), the average voltage drops are 
250 mV for 30 A and 553 mV for 42 A, exceeding the 100 mV 
threshold. Fig. 2(c)-(d) demonstrates that the 10 s purge interval 
and 100 ms purge duration recommended by the manufacturer 
are unsuitable for high currents and result in flooding and 
voltage drop. Therefore, the results highlight the importance of 
an appropriate purge strategy to improve water management 
and maintain voltage stability, especially at high currents. 
 2) The Impact of Purge Interval and Duration on Voltage 
Stability: This section focuses on analyzing how changes in the 
purge interval and duration impact water management and 
voltage behavior. For this analysis, purge intervals of 8 s, 14 s, 
and 20 s are selected as samples to demonstrate PEMFC voltage 
behavior. Fig. 3(a)-(d) illustrates voltage behavior with a purge 
interval of 8 s and a 100 ms purge duration. The average 
PEMFC voltage drops during the purge interval are provided in 
Table Ⅲ. According to Fig. 3(a)-(b) and Table Ⅲ, for an 8 s 
purge interval, the 100 ms purge duration is suitable for 10 A 
and 20 A, as the average voltage drop remains below 100 mV. 
However, it is not suitable for high currents like 30 A and 42 A. 
According to Fig. 3(f)-(i) and Table Ⅲ, for the 8 s purge interval 

the 200 ms purge duration is suitable since the average voltage 
drop for all currents remains below 100 mV. 
 

 
Fig. 2. Voltage behavior for a 10 s purge interval and 100 ms purge duration at 
different currents: a) 10 A; b) 20 A; c) 30 A; d) 42 A; e) Purge valve status. 
  

 
Fig. 3. Voltage behavior for a purge interval of 8 s and a 100 ms duration: (a)-
(e), and for a purge interval of 8 s with a 200 ms duration: (f)-(j). 
 

TABLE Ⅲ 
AVERAGE VOLTAGE DROPS FOR A PURGE INTERVAL OF 8 S WITH DIFFERENT 

PURGE DURATIONS 
Purge interval (s) - 
Purge duration (ms)  

8 - 100 Current (A) 10 20 30 42 
Voltage drop (mV) 15 19.10 162.5 420 

8 - 200 Voltage drop (mV) 13.33 17 15.83 51.82 
 
 Fig. 4(a)-(d) shows the PEMFC voltage behavior with a 
purge interval of 14 s and a purge duration of 100 ms. 
According to Fig. 4(a)-(d) and Table Ⅳ, a 100 ms purge 
duration for current levels of 30 A and 42 A is insufficient to 
recover PEMFC performance. Fig. 4(f)-(i) indicates the voltage 
behavior with the 14 s purge interval and the 200 ms purge 
duration. The results of Fig. 4(f)-(i) and Table Ⅳ show that the 
200 ms purge duration is not sufficient for a current of 42 A to 
remove the excess water and stabilize the voltage. According to 
Table Ⅳ, for a 14 s purge interval, a purge duration of 400 ms 
is suitable for an effective water management. 
 In this study, the maximum purge interval is 20 s. By 
analyzing different purge durations, Table V indicates that a 
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purge duration of 600 ms is suitable for a 20 s purge interval, as 
the voltage drop for all currents remains below 100 mV. 
  

 
Fig. 4. Voltage behavior for a purge interval of 14 s and a 100 ms duration: (a)-
(e), and for a purge interval of 14 s with a 200 ms duration: (f)-(j). 
 

TABLE Ⅳ 
AVERAGE VOLTAGE DROPS FOR A PURGE INTERVAL OF 14 S WITH DIFFERENT 

PURGE DURATIONS 
Purge interval (s) - 
Purge duration (ms)  

14 - 100 Current (A) 10 20 30 42 
Voltage drop (mV) 28.33 38.33 463.67 698.19 

14 - 200 Voltage drop (mV) 23.33 36.67 83.33 220 
14 - 300 Voltage drop (mV) 18.25 30 73.26 136.67 
14 - 400 Voltage drop (mV) 13 27.55 66.67 93.13 
  

TABLE Ⅴ 
AVERAGE VOLTAGE DROPS FOR A PURGE INTERVAL OF 20 S WITH DIFFERENT 

PURGE DURATIONS 
Purge interval (s) - 
Purge duration (ms)  

20 - 100 Current (A) 10 20 30 42 
Voltage drop (mV) 65 132.50 732.50 917.50 

20 - 200 Voltage drop (mV) 45 80 475 525.67 
20 - 300 Voltage drop (mV) 35.33 73.33 235 242.50 
20 - 400 Voltage drop (mV) 25.33 50 102.50 195.33 
20 - 500 Voltage drop (mV) 23.57 35 82 113.76 
20 - 600 Voltage drop (mV) 20 27.50 75 72.50 
 
 Table Ⅵ shows the appropriate purge durations for all purge 
intervals used in this study. Based on the analysis of 
experimental results, for a constant purge interval, increasing 
the purge duration mitigates water management faults. 
Conversely, for a constant purge duration, increasing the purge 
interval leads to increased water management faults and 
unstable voltage. 

C. Impact of the Purge Strategy on Hydrogen Consumption 
 To understand the effect of purge strategy on hydrogen 
consumption for the H-500 DEA-PEMFC, Fig. 5 shows the 
hydrogen consumption at various purge durations. For this 
purpose, the PEMFC is tested under a constant purge interval 
of 8 s as an example, combined with different purge durations 
(200 ms, 400 ms, 600 ms, and 1000 ms). The main goal of the 
proposed test is to analyze the impact of wasted hydrogen 
during purge process on the total hydrogen consumption. It 
should be noted that during the experiments, the PEMFC 
voltage remains stable under different purge strategies. 
 

TABLE Ⅵ 
APPROPRIATE PURGE DURATION FOR EACH PURGE INTERVAL 

Purge interval  (s) Appropriate purge duration (ms) 
8 200 

10 300 
12 300 
14 400 
16 500 
18 500 
20 600 

  
 The duration of each purge strategy test is 100 s, and 
hydrogen consumption data from the hydrogen flowmeter are 
recorded during the tests. According to the experimental data, 
when the purge valve opens, the hydrogen flow shows a peak 
in the recorded data. This peak represents the wasted hydrogen 
during the purge process. The total hydrogen consumption is 
the sum of the hydrogen flow at each current level and the 
wasted hydrogen during the purge process over the test period. 
This total is then divided by the test duration to express the 
result in grams per second. The black stem labeled "Baseline" 
represents only the hydrogen directly consumed 
electrochemically by the PEMFC stack to produce power at a 
given current, without considering the wasted hydrogen used 
during the purge process. According to Fig. 5, as the purge 
duration increases, the valve remains open longer, leading to 
more wasted hydrogen. For a given power with stable voltage, 
an increase in wasted hydrogen leads to higher total hydrogen 
consumption and a reduction in PEMFC system efficiency. 
Therefore, in addition to maintaining voltage stability, selecting 
a suitable and efficient purge strategy to minimize wasted 
hydrogen has a significant impact on overall PEMFC system 
efficiency. As a result, Fig. 5 illustrates that the wasted 
hydrogen during the purge process should not be neglected, as 
it significantly contributes to total hydrogen consumption and 
impacts the system efficiency of the PEMFC.    

D. Designing an Efficient Purge Strategy 
 To efficiently select a suitable purge strategy, two criteria 
should be considered. The first is voltage stability, and the 
second is hydrogen consumption. Hydrogen consumption 
significantly affects energy efficiency and is a major 
contributor to the PEMFC operating cost. Therefore, an 
efficient purge strategy involves balancing the trade-off 
between maintaining voltage stability and minimizing 
hydrogen consumption. To illustrate this trade-off, this study 
analyzes the total energy loss (TEL).  
 

 
Fig. 5. Impact of wasted hydrogen during the purge process on total hydrogen 
consumption. 
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 According to (1), the TEL comprises the electrical energy 
loss (EEL) resulting from the voltage drop and the hydrogen 
energy loss (HEL) due to the discharged hydrogen. 
 
𝑇𝑇𝑇𝑇𝑇𝑇 (𝐽𝐽) = 𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐻𝐻𝐻𝐻𝐻𝐻 (1) 

 The EEL is calculated as: 

𝐸𝐸𝐸𝐸𝐸𝐸 (𝐽𝐽) = 𝑁𝑁 × � (𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑉𝑉(𝑡𝑡)) 𝐼𝐼 𝑑𝑑𝑑𝑑
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

0
 (2) 

 
 where 𝑁𝑁 is the number of purge periods within 100 s test, 𝐼𝐼 
represents the PEMFC current, 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  is the PEMFC nominal 
voltage for a given current, and 𝑉𝑉(𝑡𝑡) is the experimental PEMFC 
voltage. The HEL can be calculated using (3). 

𝐻𝐻𝐻𝐻𝐻𝐻 (𝐽𝐽) = 𝑁𝑁 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐻𝐻2   × 𝐿𝐿𝐿𝐿𝐿𝐿 (3) 

 In (3), 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐻𝐻2 represents the amount of wasted 
hydrogen in grams, and 𝐿𝐿𝐿𝐿𝐿𝐿 stands for the lower heating value 
of hydrogen. To better understand the amount of energy loss, 
this study presents energy loss as a percentage of the total 
produced energy (TPE). The TPE is defined as: 

𝑇𝑇𝑇𝑇𝑇𝑇 (𝐽𝐽) =  �𝑁𝑁 × � �𝑉𝑉(𝑡𝑡)�𝐼𝐼 𝑑𝑑𝑑𝑑
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

0
� + 𝑇𝑇𝑇𝑇𝑇𝑇 (4) 

 Therefore, the ratio of energy loss to TPE is defined as: 

𝑇𝑇𝑇𝑇𝐿𝐿𝑟𝑟 (%) = 𝑇𝑇𝑇𝑇𝑇𝑇/𝑇𝑇𝑇𝑇𝑇𝑇  (5) 
 𝐸𝐸𝐸𝐸𝐿𝐿𝑟𝑟  (%) = 𝐸𝐸𝐸𝐸𝐸𝐸/𝑇𝑇𝑇𝑇𝑇𝑇   

𝐻𝐻𝐻𝐻𝐿𝐿𝑟𝑟 (%) = 𝐻𝐻𝐻𝐻𝐻𝐻/𝑇𝑇𝑇𝑇𝑇𝑇   
  
 Fig. 6 shows the ratio of energy loss to TPE as a percentage. 
Fig. 6 represents the average value for all currents to provide a 
clear perspective on energy loss. The results from Fig. 6(a) 
show that longer purge intervals reduce the frequency of 
purging, which results in lower hydrogen consumption and 
reduced HEL. However, longer intervals can increase the risk 
of water management faults and result in voltage drops and an 
increase in EEL. The results illustrate that up to a 12 s purge 
interval, the TEL decreases because hydrogen consumption is 
reduced as the purge interval increases, and the voltage drop is 
not severe. However, after the 12 s purge interval, although 
hydrogen consumption continues to decrease, the voltage drop 
caused by the longer purge interval becomes the dominant 
factor, leading to an increase in TEL. According to Fig. 6(b), 
across different purge durations, an increase in purge duration 
leads to a longer opening time of the purge valve, which results 
in increased HEL and reduces the risk of water management 
faults, leading to lower EEL. The results show that up to 500 
ms, hydrogen consumption does not have a predominant effect, 
and the decrease in EEL and the reduced risk of water 
management faults cause a reduction in TEL. However, after 
500 ms, the increase in hydrogen consumption becomes the 
predominant factor, leading to an increase in TEL. The results 
indicate that a long purge interval and short purge duration 
reduce HEL but increase EEL. On the other hand, a short purge 
interval and long purge duration reduce EEL but increase HEL. 

 
Fig. 6. Ratio of energy loss to TPE based on: (a) Purge interval; (b) Purge 
duration. 
 
 In summary, Fig. 6 illustrates that, in addition to EEL, 
which is related to voltage stability, HEL, which is related to 
hydrogen consumption, is equally important. As a result, 
selecting an efficient purge strategy to reduce TEL involves a 
trade-off between balancing hydrogen consumption (HEL) and 
voltage drop (EEL). 
 1) Adaptive Efficient Purge Strategy Framework: This 
section aims to design an adaptive efficient purge strategy that 
adjusts to different current levels. An adaptive efficient purge 
strategy consists of two steps. In the first step, all combinations 
of different purge intervals and durations, forming 56 various 
purge strategies, are analyzed for each current level from 1 A to 
42 A. Among these, the combinations with a voltage drop of 
less than 100 mV are selected. The next step is to examine 
hydrogen consumption. Among the combinations that maintain 
voltage stability, the one with the lowest wasted hydrogen is 
selected as the efficient purge strategy. This procedure is 
repeated whenever the PEMFC operating current changes. 
 Fig. 7 illustrates the process of selecting an adaptive 
efficient purge strategy based on different current levels. It 
should be noted that the results shown in Fig. 7 are based on 
data extracted from the extensive experiments described in 
Section II. According to Fig. 7 the red stems represent 
combinations where the voltage drop exceeds 100 mV 
threshold which leads to water management faults. The blue 
stems represent combinations where the voltage drop stays 
below 100 mV which prevents water management faults.  
 

 
Fig. 7. Adaptive efficient purge strategy selection for different current levels: (a) 
10 A; (b) 20 A; (c) 30 A; (d) 42 A. 
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Among the blue stems, which represent combinations with 
voltage drops under 100 mV, the one with the lowest wasted 
hydrogen is chosen as the efficient purge strategy and is marked 
by the green stem. As a result, the priority of the proposed purge 
strategy is to maintain voltage stability. The strategy initially 
selects purge combinations that ensure stable voltage. Then, 
among these combinations, the one with the minimum wasted 
hydrogen and lower hydrogen consumption is chosen as the 
efficient purge strategy. This procedure illustrates that the 
proposed purge strategy does not compromise voltage stability 
in order to reduce hydrogen consumption. 
 To illustrate the effectiveness of the proposed purge 
strategy, Fig. 8 compares the experimental results of the 
proposed purge strategy with the non-adaptive purge strategy 
recommended by the manufacturer. According to Fig. 8(a)-(b), 
the manufacturer's suggested strategy uses a constant purge 
period for all current levels. According to Fig. 8(c), the 
manufacturer’s purge strategy works effectively up to 24 A. 
However, it fails to mitigate water management faults and 
maintain voltage stability at higher currents. As shown in Fig. 
8(c), the proposed purge strategy keeps the voltage drop below 
100 mV across different current levels due to its adaptive 
feature, demonstrating its effectiveness in improving water 
management. 

Ⅲ. INTEGRATED WATER MANAGEMENT INTO THE ENERGY 
MANAGEMENT STRATEGY 

A. Hardware-in-the-Loop Setup 
 To evaluate the effectiveness of the proposed purge strategy 
for water management in real-time application, this study aims 
to design an IWM-EMS through a HIL platform for a multi-
stack hybrid powertrain case study used for a low-speed vehicle 
called Nemo [32]. The powertrain includes four H-500 DEA-
PEMFCs, a three-phase induction motor, and a battery pack. 
The FCs serve as the main power source, while the battery pack 
is small, and its main role is to assist the FCs in supplying power 
peaks. In this powertrain configuration, the battery pack 
connects directly to the bus, while the FCs are connected 
through unidirectional DC-DC converters. The proposed IWM-
EMS consists of an EMS level and a purge strategy level.  
 The proposed IWM-EMS is programmed in MATLAB and 
embedded into the LabVIEW environment. The time step of the 
proposed IWM-EMS is one second.  
 

 
Fig. 8. Purge strategies comparison: a) Purge interval; b) Purge duration; c) 
Voltage drop. 
 

In each time step, the IWM-EMS determines the optimal power 
of each sub-stack through the EMS level and the efficient purge 
strategy based on the reference current through the purge 
strategy level. After receiving the reference current and 
determining the efficient purge interval and duration, the 
control signal for the purge valve is sent to the PEMFC 
controller through the LabVIEW interface block.  
 The HIL platform is shown in Fig. 9. According to Fig. 9, 
two H-500 DEA-PEMFCs in this platform are employed as real 
components, while the other two PEMFCs are virtual and used 
as emulators. It should be mentioned that the other components 
of this platform are represented by mathematical models. The 
PEMFCs are connected to a National Instruments CompactRIO 
(NIcRIO-9022) through their controller. The CompactRIO 
connects to the PC running LabVIEW software using an 
Ethernet connection. Data is transferred between the 
CompactRIO and the PC every 100 ms. It should be mentioned 
that the time scale of flooding and drying out dynamics ranges 
from a few seconds to several minutes [33]. Therefore, the order 
of magnitude of the sampling rate (100 ms) is much faster than 
the characteristic time of flooding and drying out dynamics. In 
this regard, 100 ms is considered a conservative sampling rate 
to ensure a fast response to voltage changes caused by water 
management faults. At each sampling time, experimental data 
such as PEMFC voltage, current, and hydrogen flow rate are 
recorded and collected. Two 8514 BK Precision DC electronic 
loads are used to impose load profiles on the PEMFC stacks. 
 The model of the two PEMFC emulators is based on the 
Amphlett model, which is a semi-empirical model supported by 
a mechanistic background and has been widely used in many 
studies due to its strong capacity to model PEMFC output 
voltage [34]. The nominal output voltage of the PEMFC is 
calculated using (6). 
 
𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑉𝑉𝑜𝑜ℎ𝑚𝑚 + 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐) (6) 

where 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is the number of cells, 𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (V) is reversible 
potential, 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 (V), 𝑉𝑉𝑜𝑜ℎ𝑚𝑚 (V), and 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 (V) are the activation 
loss, ohmic loss, and concentration loss, respectively. 𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  
is calculated using (7): 
 

𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1.299 − 0.85 × 10−3(𝑇𝑇𝑠𝑠𝑠𝑠 − 298.15) 

+4.3085 × 10−5[0.5𝑙𝑙𝑙𝑙(𝑃𝑃𝑂𝑂2 + 𝑙𝑙𝑙𝑙(𝑃𝑃𝐻𝐻2)] 𝑇𝑇𝑠𝑠𝑠𝑠  
(7) 

where 𝑇𝑇𝑠𝑠𝑠𝑠  is the stack temperature (K), 𝑃𝑃𝑂𝑂2 and 𝑃𝑃𝐻𝐻2 are the 
oxygen and hydrogen partial pressures (N/m²). The formulation 
of 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎  is shown in (8). 
 
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 = −[𝜉𝜉1 + 𝜉𝜉2𝑇𝑇𝑠𝑠𝑠𝑠 + 𝜉𝜉3𝑇𝑇𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙(𝐶𝐶𝐶𝐶2) + 𝜉𝜉4𝑇𝑇𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙(𝑖𝑖𝐹𝐹𝐹𝐹)] (8) 

where 𝜉𝜉𝑛𝑛 (n = 1...4) are semi-empirical parameters, 𝐶𝐶𝐶𝐶2 is the 
oxygen concentration (mol/cm³), and 𝑖𝑖𝐹𝐹𝐹𝐹  is the PEMFC current 
(A). 𝑉𝑉𝑜𝑜ℎ𝑚𝑚 and 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐  can be calculated by: 
 
𝑉𝑉𝑜𝑜ℎ𝑚𝑚𝑚𝑚𝑚𝑚 = −𝑖𝑖𝐹𝐹𝐹𝐹𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 = −𝑖𝑖𝐹𝐹𝐹𝐹(𝜁𝜁1 + 𝜁𝜁2𝑇𝑇𝑠𝑠𝑠𝑠 + 𝜁𝜁3𝑖𝑖𝐹𝐹𝐹𝐹) (9) 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐵𝐵 × 𝑙𝑙𝑙𝑙(1 −
𝐽𝐽

𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚
) (10) 

where 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 (Ω) is the PEMFC equivalent internal resistance, 𝜁𝜁𝑛𝑛 
(n = 1...3) and 𝐵𝐵 are semi-empirical coefficients, 𝐽𝐽 is the actual 
current density (A/cm²), and 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum current 
density (A/cm²).
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Fig. 9. HIL mechanism of the IWM-EMS.

 Based on the data extracted from the extensive experiments, 
the voltage drop corresponding to different purge strategies for 
each current level is calculated and collected in a lookup table. 
In this regard, the PEMFC output voltage at each time step is 
calculated using (11). 
 
𝑉𝑉𝐹𝐹𝐹𝐹 = 𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  (11) 

where 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the PEMFC voltage drop during the purge 
interval. The voltage drop is subtracted from the PEMFC output 
voltage model to make the model more realistic. 
 In the HIL setup, a PI controller is designed in the power 
control box to regulate the PEMFC current and ensure accurate 
tracking of the reference power. In this setup, when 𝑉𝑉𝐹𝐹𝐹𝐹  
decreases due to a voltage drop, the PI controller increases the 
PEMFC operating current to reach the reference power. 

B. Energy Management Strategy Level 
 In this study, a hierarchical predictive EMS (HPEMS) is 
used to distribute optimal power. The first layer is a RB strategy 
that decides how many FCs should be activated and participate 
in the second layer. The second layer is a model predictive 
control (MPC) that, based on the information from the first 
layer and system constraints, determines optimal power 
between the FCs and the battery.  

Upper Layer 
 The upper layer is a RB-EMS that uses a rotary state 
machine approach to determine how many sub-stacks should 
participate in the lower layer. This decision is made based on 
the requested power, battery SOC, and sub-stack degradation 
rate. In other words, at each time step, sub-stacks with lower 
degradation rates are given higher priority to participate in the 
lower layer of the EMS. For example, if two sub-stacks are 
sufficient to meet the requested power, the upper layer selects 
the two sub-stacks with the lowest degradation. As a result, the 
upper layer of the EMS serves two main purposes. First, it aims 
to balance degradation across all sub-stacks and prevent further 

degradation. Second, it helps reduce hydrogen consumption by 
determining when to activate or deactivate sub-stacks, keeping 
unnecessary FCs turned off when not required. 

Lower Layer 
The lower layer of the EMS employs MPC, a predictive OB 
strategy. Based on the future vehicle velocities within a 
prediction horizon of 10 s and utilizing information from the 
upper layer regarding the number of active sub-stacks, the MPC 
minimizes a cost function to determine the optimal power 
distribution between the sub-stacks and the battery. In other 
words, at each time step, the lower layer determines the optimal 
power for each sub-stack, and the reference current 
corresponding to the optimal power is sent to the purge strategy 
level. The nonlinear problem is formulated as a state-space 
model in MPC. Usually, in this type of problem, the SOC is a 
state variable, and FC power is the control variable. In this 
study, the increment of FC power is used as the control variable, 
with the state-space formulation given by (12).  
 
𝛥𝛥𝛥𝛥(𝑡𝑡 + 1) = 𝐴𝐴𝐴𝐴𝐴𝐴(𝑡𝑡) + 𝐵𝐵𝐵𝐵𝐵𝐵(𝑡𝑡) + 𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡) (12) 

 where 𝑥𝑥(𝑡𝑡) represents the SOC, 𝑢𝑢(𝑡𝑡) is the FC power, and 
𝑑𝑑(𝑡𝑡) is the requested power, modeled as a disturbance in this 
formulation. 𝐴𝐴, 𝐵𝐵, and 𝐷𝐷 are matrices of coefficients and 𝑡𝑡 
indicates the time step. In this study the sampling time is set to 
1 s. It should be noted that in this paper, prediction horizon (𝑃𝑃ℎ) 
is set to 10 s. The MPC requires the vehicle’s future velocities 
within the prediction horizon to determine the optimal power 
sequence. For this purpose, this study assumes that the entire 
driving cycle is already known, and at each time step, using the 
next 10 s of velocity data, the MPC determines the optimal 
power sequence. As shown in (13), the multi-objective cost 
function in this study is based on the total operating cost, which 
includes hydrogen consumption, FC degradation, and battery 
degradation.
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min
Δ𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡+𝑘𝑘),𝑘𝑘∈{0,1,…,𝑃𝑃ℎ−1}

𝐽𝐽𝑡𝑡
= 𝐶𝐶𝐻𝐻2,𝑡𝑡 + 𝐶𝐶𝐹𝐹𝐹𝐹,𝑑𝑑𝑑𝑑𝑑𝑑,𝑡𝑡 + 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏,𝑑𝑑𝑑𝑑𝑑𝑑,𝑡𝑡
+ 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆,𝑡𝑡  ($) 

(13) 

 where 𝐶𝐶𝐻𝐻2,𝑡𝑡 is the hydrogen consumption cost, 𝐶𝐶𝐹𝐹𝐹𝐹,𝑑𝑑𝑑𝑑𝑑𝑑,𝑡𝑡 is 
the FC degradation cost. and 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏,𝑑𝑑𝑑𝑑𝑑𝑑,𝑡𝑡  is the battery 
degradation cost. The final term in the multi-objective cost 
function, 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 ,𝑡𝑡, is a penalty term designed to enforce the 
battery charge-sustaining strategy and keep the SOC close to its 
initial value. In this study, the units for hydrogen price, FC 
system price, and battery pack price are 4 $/kg, 93 $/kW, and 
178.41 $/kWh, respectively [35], [36]. FC operation constraints 
are shown in (14). 
 

�
𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡 + 𝑘𝑘) ≤ 𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑚𝑚𝑚𝑚𝑚𝑚

𝛥𝛥𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡 + 𝑘𝑘) − 𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡 + 𝑘𝑘 − 1) ≤ 𝛥𝛥𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑚𝑚𝑚𝑚𝑚𝑚
 (14) 

 𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑚𝑚𝑚𝑚𝑚𝑚 is set to zero, 𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑚𝑚𝑚𝑚𝑚𝑚  is 500 W, and 𝛥𝛥𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑚𝑚𝑚𝑚𝑚𝑚 and 
𝛥𝛥𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑚𝑚𝑚𝑚𝑚𝑚 are -50 W/s and 50 W/s, respectively. Battery 
constraints include battery power, SOC, and SOH, as shown in 
(15). 

⎩
⎪
⎨

⎪
⎧

𝑆𝑆𝑆𝑆𝑆𝑆(0) = 70%
𝑆𝑆𝑆𝑆𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡 + 𝑘𝑘) ≤ 𝑆𝑆𝑆𝑆𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

𝑆𝑆𝑆𝑆𝑆𝑆(0) = 100%
𝑆𝑆𝑆𝑆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡 + 𝑘𝑘) ≤ 𝑆𝑆𝑆𝑆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡 + 𝑘𝑘) ≤ 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚

 (15) 

 where 𝑆𝑆𝑆𝑆𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 is 50%, 𝑆𝑆𝑆𝑆𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚  is 90%, 𝑆𝑆𝑆𝑆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚  is 0%, and 
𝑆𝑆𝑆𝑆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚  is 100%. The battery power limits, 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 and 
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 , are set to -1900 W and 1900 W, respectively. This 
study utilizes sequential quadratic programming (SQP) to solve 
the receding horizon optimization problem, which is a common 
algorithm for such applications. The convergence and 
computational efficiency of SQP are satisfactory for use in real-
time applications [36], [37]. 

C. Purge Strategy Level 
The second level of the proposed AIWM-EMS is the purge 

strategy section. This level uses an adaptive efficient purge 
strategy mechanism. The proposed purge strategy is based on a 
lookup table extracted from extensive experiments. At each time 
step, the purge strategy block receives the reference current from 
the EMS, determines the efficient purge strategy that maintains 
stable voltage and minimizes wasted hydrogen, and then sends 
the control signal to the purge valve through the PEMFC 
controller. It should be noted that, at each time step, the purge 
strategy level receives four different current values 
corresponding to the four sub-stacks. Based on the reference 
current of each sub-stack, it determines the efficient purge 
interval and duration. 

IV. RESULT AND DISCUSSION 
This section aims to evaluate the IWM-EMS performance. 

This study proposes an adaptive IWM-EMS (AIWM-EMS), 
where an adaptive efficient purge strategy is integrated into the 
EMS. The performance of the AIWM-EMS is compared with 
that of the non-adaptive IWM-EMS (NAIWM-EMS), which 
incorporates the manufacturer’s non-adaptive purge strategy 

into the EMS. The performance and effectiveness of the two 
IWM-EMSs are compared under the WLTC-class3 driving 
cycle. Fig. 10 shows the driving cycle, with the right vertical axis 
representing the requested power and the left vertical axis 
representing the velocity. 

Fig. 11(a)-(d) show the FC power distribution, and Fig. 11(e) 
presents the battery SOC. FC1 and FC2 are real PEMFCs in the 
HIL, with experimental data such as current, voltage, and 
hydrogen consumption collected via CompactRIO, while FC3 
and FC4 are emulators. According to Fig. 11(a)-(d), in high-
power zones, such as from 1113 s to 1372 s and 1546 s to 1770 
s, the FCs must operate at high currents to meet the requested 
power. FCs operating under the AIWM-EMS can supply the 
requested power because water management faults are 
effectively mitigated and the FCs voltage remains stable. To 
meet the requested power, FCs under the NAIWM-EMS must 
operate at higher currents than those under the AIWM-EMS to 
compensate for the higher voltage drop. FCs under the NAIWM-
EMS operate at lower power at the maximum FC current. With 
the maximum current set to 42 A, the FCs under NAIWM-EMS 
cannot exceed this current to compensate for the voltage drop 
and must operate at reduced power. Operating at reduced power 
causes FCs in the NAIWM-EMS to work longer in the high-
power zone compared to those in the AIWM-EMS to meet the 
requested power and maintain battery SOC, resulting in a 
different SOC trajectory, as shown in Fig. 11(e). 

 

 
Fig. 10. WLTC-class3 driving cycle. 

 
Fig. 11. AIWM-EMS and NAIWM-EMS performance under the WLTC-class3 
driving cycle: a) FC1 power; b) FC2 power; c) FC3 power; d) FC4 power; e) 
Battery SOC. 
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Fig. 12 illustrates the voltage drop caused by water 
management faults in the PEMFCs during the driving cycle. The 
ultimate goal of a suitable purge strategy is to improve water 
management, reduce voltage drops, and enhance PEMFC 
voltage stability. The results of the HIL show that the AIWM-
EMS consistently maintains voltage stability throughout the 
driving cycle, keeping voltage drops below 100 mV. This 
demonstrates the effectiveness of the proposed strategy in 
mitigating water management faults. These results highlight the 
robustness and quick response time of the adaptive strategy 
under real driving conditions. However, the voltage drop of the 
FCs under the NAIWM-EMS exceeds 100 mV, particularly in 
high-power zones, indicating water flooding faults due to the use 
of a non-adaptive purge strategy. 

Fig. 13 shows a comparison of the total wasted hydrogen 
when the purge valve is open. During the driving cycle, opening 
the PEMFC purge valve causes a peak in the hydrogen flow data, 
which indicates the amount of wasted hydrogen during the purge 
process. Over the entire driving cycle, all hydrogen flow peaks 
are extracted and calculated as the total wasted hydrogen under 
two different purge strategies. The total wasted hydrogen in the 
AIWM-EMS is 1.128 g, while it is 1.533 g in the NAIWM-EMS. 
According to Fig. 13, the total wasted hydrogen in the AIWM-
EMS is 26.42% less than in the NAIWM-EMS. 

Fig. 14 compares the total operating cost of the FC-HEV 
under the AIWM-EMS and NAIWM-EMS. According to Fig. 
14, the cost of hydrogen consumption in the AIWM-EMS is 
4.09% lower than in the NAIWM-EMS. 
   

 
Fig. 12. Voltage drop comparison between AIWM-EMS and NAIWM-EMS: a) 
FC1; b) FC2; c) FC3; d) FC4. 
 

 
Fig. 13. Total wasted hydrogen during the purge strategies. 

 
Fig. 14. FC-HEV operating cost comparison. 

 The results also show that the cost of FC degradation in the 
AIWM-EMS is 8.12% less than in the NAIWM-EMS. Under the 
NAIWM-EMS, the FCs operate at reduced power at maximum 
current, leading to longer operation at high power to meet the 
requested power and maintain battery SOC, which increases FC 
degradation. The results indicate that the total time spent in high 
power for all FCs in the AIWM-EMS is 1189 s, while in the 
NAIWM-EMS, the FCs spend 1263 s in the high-power zone. 
The cost of battery degradation in the AIWM-EMS is slightly 
higher than in the NAIWM-EMS because the AIWM-EMS 
utilizes a wider range of battery SOC. The results show that the 
total operating cost in the AIWM-EMS is 5.21% lower than in 
the NAIWM-EMS. As a result, according to the HIL results, the 
proposed strategy, due to its adaptability, can dynamically adjust 
to changes in the requested power. Compared to the constant and 
non-adaptive strategy, the ability of the proposed strategy to 
adapt to various dynamic conditions leads to improved voltage 
stability, lower hydrogen consumption, reduced FC degradation, 
and ultimately a lower operating cost. On the other hand, 
reducing the total operating cost of the FC has a direct impact on 
maintenance cost. Increased voltage stability and reduced FC 
degradation lead to a longer FC lifespan, which delays 
maintenance, reduces its frequency, and ultimately lowers 
maintenance cost.  
 Fig. 15 shows the system efficiency distribution of all sub-
satcks in the FC-HEV. According to (16), the FC system 
efficiency is calculated as follows: 
 

𝜂𝜂𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑚̇𝑚𝐻𝐻2,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2
 

 
(16) 

where 𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the total power output of the four sub-stacks, 
𝑚̇𝑚𝐻𝐻2,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  is the total hydrogen consumption by the four sub-
stacks, and 𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2is the lower heating value of hydrogen, which 
is 120 MJ/kg.  
 

 
Fig. 15. FC system efficiency distribution comparison. 
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 At each time step of the driving cycle, the FC system 
efficiency is calculated and recorded. To evaluate the impact of 
the AIWM-EMS on multi-stack FC performance, this study 
analyzes the multi-stack FC system efficiency over the entire 
driving cycle tested in the HIL. In this regard, according to the 
experimental results, the maximum system efficiency of the 
tested PEMFC is 46.5%, and the high-efficiency zone is defined 
as the region where the PEMFC system efficiency is equal to or 
greater than 45%. The high-efficiency zone is the area where the 
PEMFC achieves high performance and lower hydrogen 
consumption per unit of power output. In the AIWM-EMS, the 
FCs operate in a safe condition without water management 
faults, resulting in voltage drops below 100 mV. This prevents 
the FCs from operating at higher currents and increasing 
hydrogen consumption, thereby achieving higher efficiency, as 
shown in Fig. 15. Additionally, in the AIWM-EMS, the efficient 
purge strategy minimizes wasted hydrogen. Consequently, the 
FCs operates with higher efficiency compared to the NAIWM-
EMS. However, it should be mentioned that increasing 
efficiency and reducing hydrogen consumption do not mean that 
the proposed strategy compromises voltage stability. The 
strategy first ensures voltage stability, and among the suitable 
purge strategies that maintain voltage stability, it selects the 
efficient one with minimum wasted hydrogen. 
 The results show that the FCs operate 78.36% of the driving 
cycle time in a high-efficiency zone, while in the NAIWM-
EMS, the FCs operate 62% of the driving cycle time in the high-
efficiency zone. 

V. CONCLUSION 
This study aims to integrate the impact of water management 
into the EMS for a FC-HEV. For this purpose, an IWM-EMS is 
designed with two levels. The first level is the HPEMS and the 
second level is the purge strategy. This paper proposes an 
AIWM-EMS in which an adaptive efficient purge strategy is 
embedded. The AIWM-EMS adapts to various dynamic 
conditions by adjusting the purge strategy based on the PEMFC 
operating current levels. On the other hand, the AIWM-EMS 
selects the efficient purge strategy to mitigate water 
management faults, enhance voltage stability, and minimize 
hydrogen consumption. The results of the AIWM-EMS are 
compared with the NAIWM-EMS, which includes a non-
adaptive purge strategy recommended by the FC manufacturer. 
The results demonstrate the effectiveness of the AIWM-EMS 
in reducing water management faults, maintaining voltage 
stability across all current levels, and minimizing hydrogen 
consumption. The costs of hydrogen consumption and FC 
degradation in the FC-HEV under the AIWM-EMS are 4.09% 
and 8.12% lower, respectively, than in the NAIWM-EMS, and 
the total operating cost in the AIWM-EMS is reduced by 5.21% 
compared to the NAIWM-EMS. The results also show that the 
FCs under the AIWM-EMS works 78.36% of the operating 
time in the high-efficiency zone, compared to 62% under the 
NAIWM-EMS. 

Future Work 
1- To develop the proposed purge strategy and increase its 

effectiveness, a feasible option for future work is to expand the 
experiments and evaluate the strategy by considering changes 
in environmental conditions such as temperature and humidity. 

2- Integrating a FC maintenance cost model into the total 
operating cost in future work will help account for all real-world 
FC expenses and enhance the practicality of the proposed purge 
strategy in real-world applications. 

3- This study aimed to illustrate the importance of water 
management in PEMFC performance and operating cost. 
Thermal management and operating temperature can 
significantly affect water management and overall PEMFC 
performance. Therefore, in future work, the authors plan to 
enhance the performance and applicability of the proposed 
purge strategy by incorporating the effects of different cooling 
systems and thermal management into the water management 
approach. 
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