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Abstract: A two-layer coordinated control strategy is proposed to solve the power allocation problem
faced by electric-hydrogen hybrid energy storage systems (HESSs) when compensating for the
fluctuating power of the DC microgrid. The upper-layer control strategy is the system-level control.
Considering the energy storage margin of each energy storage system, fuzzy logic control (FLC) is
used to make the initial power allocation between the battery energy storage system (BESS) and
the multistack fuel cell system (MFCS). The lower-layer control strategy is the device-level control.
Considering the individual differences and energy-storage margin differences of the single-stack fuel
cell (FC) in an MFCS, FLC is used to make the initial power allocation of the FC. To improve the
hydrogen-to-electricity conversion efficiency of the MFCS, a strategy for optimization by perturbation
(OP) is used to adjust the power allocation of the FC. The output difference of the MFCS before and
after the adjustment is compensated for by the BESS. The simulation and experiment results show that
the mentioned coordinated control strategy can enable the HESS to achieve adaptive power allocation
based on the energy storage margin and obtain an improvement in the hydrogen-to-electricity
conversion efficiency of the MFCS.

Keywords: DC microgrid; electric-hydrogen coupled; hybrid energy storage system; multistack fuel
cell system; power allocation

1. Introduction

A microgrid is a form of distributed energy supply that effectively integrates re-
newable energy, energy storage systems, and multiple loads and has greatly promoted
the construction of new power systems [1,2]. Renewable energy, such as wind power
and photovoltaic power generation, is easily affected by the environment, and its power
generation is uncertain and uncontrollable. Therefore, the rational application of energy
storage systems and their coordinated control strategy are of great significance for the
efficiency and stability of microgrids. A hybrid energy storage system (HESS) composed of
hydrogen fuel cells and batteries is a typical energy storage combination used to support
the smooth operation of microgrids, which combines the advantages of hydrogen energy
storage systems that have a large capacity and long discharge time and the advantages
of a battery energy storage system (BESS) with flexible and fast power regulation [3,4].
In actual operation, the power throughput capacity of an HESS is closely related to the
level of hydrogen (LoH) in the hydrogen storage tank and the state of charge (S0C) of the
battery. In order to give full play to the power response capability of the HESS, it is also
necessary to manage the energy of the electric-hydrogen coupled microgrid, coordinate
the operation mode of the HESS equipment, and reasonably allocate its operating power.
In addition, to solve the problems of low power level, insufficient durability, and limited
large-scale application of the current single-stack fuel cell system (FC), an FC is often put
into microgrids in the form of multistack array in engineering projects to enhance the
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overall operation stability and scalability of the hydrogen energy storage system. However,
optimizing the power allocation of the FC so that the multistack fuel cell system (MFCS)
can operate at the maximum efficiency point as much as possible is still a key problem that
needs to be solved in electric-hydrogen coupled systems.

Multi-energy storage systems can achieve energy interconnection and complemen-
tarity and improve energy utilization efficiency and power supply stability. However,
the increase in the types of energy storage devices also makes energy management and
coordinated control more complicated. In terms of an HESS’s energy management, main-
stream methods mainly focus on rule-based and optimization control strategies. Refs. [5,6]
proposed a minimum hydrogen consumption energy management strategy based on fuzzy
logic control (FLC) for HESS. This strategy dynamically adjusts the penalty factor according
to the lithium battery SoC, changes the power distribution of the HESS, and, thus, reduces
power fluctuations and hydrogen consumption of the fuel cell system. After comparing a
large number of optimization algorithms, such as external energy maximization strategy
(EEMS), cuckoo search (CS), and grey wolf optimizer (GWO), Ref. [7] selected the Harris
Hawks optimizer (HHO) to manage the fuel cell/PV /battery /supercapacitor hybrid energy
storage system. The HHO improves the system’s operational efficiency while reducing
hydrogen consumption by reasonably allocating power among multiple devices.

Overall, rule-based control strategies can simplify the coordinated control of multisys-
tems and have a high degree of adaptability to different operating conditions of microgrids,
but their actual application effect depends on engineering experience. The ability of the
optimal control strategy to conduct global multi-objective optimization of a system depends
on the degree to which the meta-heuristic algorithm explores and utilizes the search space.
The selection of an optimization control strategy that is compatible with the system, makes
the search range as comprehensive as possible, avoids falling into local optimality, makes
full use of the optimal solution that has been searched, distinguishes the effective search
range, and accelerates convergence to improve the speed at which a solution is found is
difficult to implement [8-10].

In the above research on HESSs, it is not difficult to find that most studies regard fuel
cell systems as a whole research object. However, in actual application scenarios with fuel
cell systems, such as transportation, aviation, and energy systems [11,12], the power level
of the FC often makes it difficult to meet a scenario’s requirements, which further promotes
scholars” research on MFCSs. Ref. [13] analyzed the advantages and disadvantages of
the four electrical architectures of MFCSs, namely, series, parallel, cascade, and series-
parallel, in terms of voltage level, fault isolation, control form, and operating efficiency,
providing a reference for other scholars in the selection of an appropriate MFCS architecture
according to the research scenario. Refs. [14,15] studied the dynamic characteristics of an
FC and found that the smaller the change in an FC’s output current and the lower the
dynamic loading rate, the better the stack’s performance, life, and stability. For the device
control of an FC, Ref. [16] proposed an adaptive current distribution method to mitigate
the performance degradation of the FC and maintain the overall performance consistency
of the MFCS.

It can be seen that reasonable energy management strategies should be formulated
to avoid the degradation of the overall performance of the MFCS due to excessive use
or loss of the FC. Ref. [17] pointed out that after long-term use the output capacity, effi-
ciency, hydrogen consumption, and other performance indicators of fuel cells will decline.
Therefore, an energy management strategy with an adaptive adjustment capability for fuel
cell attenuation was proposed in this reference, so that the fuel cell has the lowest energy
consumption and the best durability performance over its life cycle. Considering the impact
of the environment on an MFCS, Ref. [18] proposed a coordinated optimization allocation
strategy for an MFCS based on the concept of maximum efficiency range, which not only
makes optimal power allocation for FC but also improves the hydrogen-to-electricity con-
version efficiency of the MFCS. Ref. [19] proposed an optimal allocation strategy for the
power demand of the MFCS, which reduced hydrogen consumption by optimizing the



Batteries 2024, 10, 331

30f19

total output current of the MFCS. After comparing two classic power allocation methods
for an MFCS, equidistribution (ED) and daisy chain, Ref. [20] proposed an optimization
algorithm that makes the efficiency of the MFCS close to the best efficiency of the FC in a
large power range.

It should be noted that although existing power allocation strategies for an MFCS have
achieved improvements in efficiency or hydrogen consumption through simple start-stop
control or optimized control, most of them assume that the FCs in MFCSs are similar during
implementation and have almost no individual differences in performance, power level,
etc. Therefore, it is still necessary to explore a control strategy based on the individual
differences in FCs to optimize the overall performance of the MFCS. In fact, there is a certain
correlation between the output power of the FC and the hydrogen-to-electricity conversion
efficiency. Reasonable adjustment of the output power of the FC can allow it to operate at
peak efficiency [21,22]. Refs. [23,24] considered the FC differences between stacks and used
an optimization algorithm to optimize the power allocation of the FC, thereby achieving the
goal of improving the operating efficiency of the MFCS. However, the operational process
of an MFCS control strategy based on the optimization algorithm is relatively complicated,
and the optimization effect is closely related to the selection of the algorithm; in addition,
when microgrid operational objectives or operation modes change, such methods lack
rapid adaptability and portability. The perturbation and observation method (P&O) is often
used to track the maximum power point in photovoltaic power generation systems [25,26].
This method is simple and easy to implement, and the adjustment of operating constraints
and the setting of initial disturbance values are relatively flexible. It can be adapted
to various power allocation strategies and has certain portability and superposition of
optimization effects. Therefore, it is also widely used in tracking extreme points in the
nonlinear characteristic curves of other systems [27,28].

Combined with the above research, this paper took the electric-hydrogen coupled
DC microgrid as the research background and proposed a two-layer coordinated control
strategy for the HESS. Compared with existing studies, this paper makes improvements in
the following aspects:

(1) The upper-layer control strategy takes the overall LoH of the MFCS and the SoC of
the battery as indicators and formulates a system-level fuzzy logic control (FLC) rule
to complete the initial power allocation between the MFCS and BESS so that different
energy storage systems can maintain an appropriate energy storage margin, as much
as possible, when smoothing the power shortage of the microgrid.

(2) The lower-layer control strategy considers the LoH of the FC to formulate a device-
level FLC rule so as to achieve the initial division of the MFCS overall power into the
inter-stack FC power and maintain the consistency of the FC energy storage margin
during the discharge process.

(8) A strategy for optimization by perturbation (OP) is proposed based on the power-
efficiency characteristics of the FC. The initial power allocation of the FC is adjusted by
OP to improve the hydrogen-to-electricity conversion efficiency of the MFCS. In addi-
tion, the adaptability of OP to different power allocation strategies is further studied.

This paper aims to realize adaptive power allocation from the system to the device
in an HESS and from the array to single stack in an MFCS through a top-down energy
management strategy so as to improve the energy autonomy, regulation flexibility, and
operation stability of the DC microgrid. Finally, this paper will verify the feasibility
and effectiveness of the proposed HESS-coordinated control strategy through simulation
and experiments.

2. Electric-Hydrogen Coupled DC Microgrid Model
2.1. Electric—-Hydrogen Coupled DC Microgrid Structure

The structure of the electric-hydrogen coupled DC microgrid studied in this paper is
shown in Figure 1, which includes a photovoltaic system, electrolytic hydrogen production
system, load, MFCS, and BESS. Each system is connected to the DC bus through a power
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electronic converter and is uniformly controlled by the energy management system (EMS).
The HESS is composed of the MFCS and BESS. When the power supply of the DC microgrid
is tight, energy storage systems cooperate to compensate for the power shortage and
maintain the smooth operation of the microgrid. The MFCS is composed of multiple FCs.
In order to play its role better in power regulation, the topology of the structure needs to
be fully considered. Common MFCS topologies with converters include series, parallel,
cascade, and series-parallel structures. The series structure is relatively simple and can
reduce the number of converters used in the entire MFCS, but since it has no bypass circuit,
a failure of one FC will paralyze the entire MFCS [29]. In the parallel structure [30] and
cascade structure [31], the FC and converter are connected to the DC bus in a one-to-
one manner, which can realize independent control of the FC. However, considering that
the parallel structure has the advantages of a simple structure and low control difficulty
compared with the cascade structure, this paper finally selected an MFCS with a three-stack
parallel structure as the research object.

( N\

[ hydrogen flow I clectric power flow signal flow

Tank; Tank, Tanks
" _ - . - MFCS
Electrolyzer FC, FC,

v
o
t {

EMS

- J

Figure 1. Electric-hydrogen coupled DC microgrid structure diagram.

2.2. Modeling of the HESS
2.2.1. Mathematical Model of BESS

The main body of the BESS system is batteries; its model construction method is
detailed in the literature [32]. The current conventional measurement methods for the
SoC include the coulomb counting method and the voltage method. These methods are
based on the measurements of battery voltage and current. There are also methods, such as
electrochemical impedance spectroscopy and ultrasonic reflection wave joint estimation,
that rely on instrument measurements. These methods can achieve nondestructive mea-
surements of the battery system [33] but are highly sensitive to temperature. Considering
that the Coulomb counting method is more convenient, and this article mainly controls
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the devices by adjusting the current or voltage, the Coulomb counting method shown in
Equation (1) is finally selected to calculate the SoC.

1

SoC = SoCy — Cls
at,

/ Pyt dt (1)

where S0Cy is the initial value of SoC; C is the rated capacity of battery; Uy, is the voltage
of the battery at time ¢; and Py, is the power of the battery at time ¢.

2.2.2. Mathematical Model of Fuel Cell System

A proton exchange membrane fuel cell (PEMFC) has the advantages of a high energy
conversion efficiency, fast start-stop speed, and clean and low emissions. Therefore, the
FC type selected in this paper was a PEMFC, and its mathematical model is shown in
Equation (2) [34,35], as follows:

Ufc = nsfc(Erevffc - uactffc - uohmffc - uconcffc)
Erey fe = 1.229 — 0.85 x 1073 (Ty, — 298.15) + 4.3085 x 105 T [1n(pH2) + %ln(poz)]
Uact g = 1+ 02T + 03T In(Ige) + (4 Ty In(Co,)

Co =—Ft2 2
©: 5.08><106exp(%) @

Uohm_te = Ire (24 + Re)
Ueonc fe = —Bln<1 _ )

Jmax

where Uy, is the voltage of the FC; ng. is the number of fuel cell chips connected in
series; Eey ¢ is the reversible voltage; U, ¢ is the activation overvoltage; Uyhm, ¢ is the
ohmic overvoltage; U.onc £ is the concentration difference overvoltage; Tf, is the Kelvin
temperature of the FC; py, is the anode hydrogen partial pressure; po, is the cathode
oxygen partial pressure; {1, {2, {3, and {4 are the empirical parameters; I is the current
of the FC; Cp, is the oxygen solubility at the gas-liquid interface; py is the resistivity of
the proton exchange membrane; [ is the thickness of the proton exchange membrane; A is
the effective activation area of the proton exchange membrane; R. is the resistance that
prevents protons from passing through the proton exchange membrane; B is a constant;  is
the current density of the FC; and Jmax is the maximum current density of the FC.

The calculation formula of the LoH of the i-th FC (FC;) is shown in Equation (3) (i =1,
2,3).

LoHg, = —Panki o 100% 3)
Ptank_maxi

where LoH{; is the LoH of the FC;; piank; is the internal pressure of the hydrogen storage
tank connected to the FC;; prank maxi is the maximum internal pressure that the hydrogen
storage tank connected to the FC; can withstand.

The LoH of the MFCS is determined by the LoH of all FCs. Since the capacity, working
pressure, and other parameters of the hydrogen storage tanks used in this paper are consis-
tent, the LoH calculation formula of the MFCS can be inferred, as shown in Equation (4).

LOHfCl + LOHfCZ + LOHfC3

Lo Hmfcs = 3 (4)

where LoH 4. is the LoH of the MFCS.

2.2.3. Model of Hydrogen-to-Electricity Conversion Efficiency for Fuel Cell Systems

The hydrogen-to-electricity conversion of the FC is completed by the fuel cell stack,
auxiliary equipment, and other equipment, involving intermediate processes such as ther-
moelectric conversion, power conversion, and fuel utilization [36]. The calculation formula
for the hydrogen-to-electricity conversion efficiency of the FC; is shown in Equation (5).
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Miei = ﬂstack&ﬂei”fueli
Nstacki = AH/Sf(CﬁF) x 100% 5)
Hei = Lo 5 100%

outi

where 74 is the hydrogen-to-electricity conversion efficiency of the FC;; #gacki is the
thermoelectric conversion efficiency of the FC; stack; 77,; is the power conversion efficiency
of the FC;; #4e1; is the hydrogen fuel utilization rate of the FC;; Uy is the output voltage
of the FC; stack; AH is the calorific value of hydrogen; F is the Faraday constant; P, is
the output power of the FC; stack; and P,y is the electric power consumed by the FC;
auxiliary machine.

Combined with Equation (5), Figure 2 depicts the hydrogen-to-electricity conversion
efficiency curves of the FCs of three power levels.

Bl Power rating of 10kW
60 Il Power rating of 12kW

I Power rating of 15kW
50

40+

Neil %o

30

20

B T T T T T T T
0 2000 4000 6000 8000 10,000 12,000 14,000 16,000

Pfci/w

Figure 2. Hydrogen—electric conversion efficiency curves of the FC.

It can be seen from Figure 2 that the hydrogen-to-electricity conversion efficiency
of the FC increased rapidly at first and then decreased slowly with the increase in the
stack output power, with an efficiency peak. It can also be observed that because of
individual differences in FCs, their hydrogen-to-electricity conversion efficiency curves are
also different. In practical applications, factors such as power level, battery performance,
and working conditions will affect the hydrogen-to-electricity conversion efficiency of the
FC. It is difficult to optimize the efficiency of all FCs and MFCS simultaneously through
a unified FC power allocation value. Therefore, in order to further study the output
power distribution of the FC; when MFCS operates at maximum efficiency, it is also
necessary to define the hydrogen-to-electricity conversion efficiency of the MFCS as shown
in Equation (6).

_ Pfc1+Pfc2+Pfc3
Nmfes = h—

©)

Do | P

Mfel M2~ Tfe3
where 775 is the hydrogen-to-electricity conversion efficiency of the MFCS; Py is the
output power of the FC;; and #y; is the hydrogen-to-electricity conversion efficiency of
the FCZ

3. Coordinated Control Strategy for Electric-Hydrogen Hybrid Energy Storage System

The voltage and power balance equations of the electric-hydrogen coupled DC micro-
grid are shown in Equation (7).

U3, @

dUse _
{ Cdch - IpV =+ Imfcs + Ibat - Iload
d
%CdCT = PpV + mecs + Ppat — Pload



Batteries 2024, 10, 331

7 of 19

where Cyg_ is the bus capacitor; Uq. is the bus voltage; Iy is the PV system current; Iy is
the MFCS current; I, is the BESS current; [},,4 is the load current; Ppy is the PV system
power; Py s is the MECS power; Py, is the BESS power; and Pjy,g4 is the load power.

Equation (7) shows that the premise of microgrid bus voltage stability is the balance
between the load and the total power of each micro-source, as shown in Equation (8). The
key to microgrid energy management is to smooth the unbalanced power, Ppet, of the
microgrid through the HESS, that is, to reasonably allocate the power of the MFCS and
BESS, as well as the power of the FC;.

{ Pnet:Pload_va:mecsipbat (8)
Prates = Pre1 + Pre2 + Pre3

In order to maintain the stable operation of the microgrid through the coordinated
control of the HESS, this paper proposes a two-layer control strategy for the HESS, as
shown in Figure 3. The upper-layer control comprehensively considers the charge and
discharge margin of the HESS and uses FLC to realize the initial power allocation of the
MFCS and BESS. The lower-layer control combines the FC operational characteristics, takes
the MFCS’s hydrogen-to-electricity conversion efficiency as the goal, further divides the
power of the FC;, and appropriately adjusts the final allocated power of the MFCS and
BESS so that the overall output value of the HESS remains unchanged before and after
the adjustment.

Power .
Shortage ﬁf.;_‘ &
Pyy Keoosos = A
Data collection of q13F Source-Load
source-load-storage LoHyy | Pioaa A \ Control o
g "‘ - Poet Device| \ Signal Electricity
LoHio | . ion LOHmis ¥ Status | ¥ Supply
e Complementation
of LoHyges 2
5 !
LoHis | L '“\ B« .P' 7 Hybrid NS
A - bat Energy
Storage
. SoC g
Initial power allocation of FLC (@b SR~
hybrid energy storage system Pt Complementatio
based on LoH ¢, and SoC
¢ LoH;q 4 P Pret_ret
. . LoH,. Initial | pr Prs e
Initial power allocation of FC; gl ol | =2 rower 2 e
2l 2 2 Allocation 7 Pra e + )
based on LoH; | 5| % LoHis | hm-rdc,- | Pl | & el =2 Iis IR
- - - ased on T T-
gl gl g ; , ,
il 5| & P Lo, - Urs g o
E E E @ Optimization of
s < =l fvrcs based on FC;
5|l 5| & ] Power Disturbance
~ A~ ~
4 Mte1
Optimization of 7yrcs based c jon 112
. T e a -
on FC; power disturbance o i 25 PWM
BAT

Figure 3. The two-layer control principle of the HESS.

In addition, in order to make the control of the MFCS and BESS devices more accurate
and stable, this paper adopted current loop control for the FC and voltage-current dual
closed-loop control for the battery in the BESS [37]. In Figure 3, P . is the output power
reference value of the FC;; Uy, is the output voltage of the FC;; I¢; is the output current of
the FCj; It ref is the output current reference value of the FC;; Dy is the duty cycle signal
acting on the DC/DC converter connected to the FC;; Pp,; ref is the output power reference
value of the battery; Uy ref is the bus voltage reference value, I,,; is the output current of
the battery, Ipat ref is the output current reference value of the battery; and Dy, is the duty
cycle signal acting on the DC/DC converter connected to the battery.
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3.1. Adaptive Power Allocation of the HESS Based on FLC

FLC is a control method based on customized rules. It has the advantages of strong
robustness, high reliability, and fast response in the face of complex control systems [38].
Considering the time-varying and irregular combinations of parameters, such as Pret,
LoH s, and SoC, during the microgrid’s operation, the use of FLC can quickly adapt to
the multiple operating conditions of the microgrid and make precise adjustments to the
control parameters.

The power adaptive allocation principle of the HESS is to allocate Ppet to MFCS and
BESS based on their actual charging and discharging margins during operation. Specifically,
an initial power allocation factor, k, is introduced. The value of k is adjusted in real time
according to the state of the LoH s and SoC in the current microgrid’s operation so that the
energy storage system with a large energy storage margin is given priority to output. The
LoH s and SoC are maintained in a reasonable output range before and after output so as
to avoid excessive output of a single energy storage system affecting its safety or life [39].

According to the above rule-making principles, this paper formulates a fuzzy logic
rule table with LoH s and SoC as dual input variables and the MFCS power allocation
factor k as a single output variable, as shown in Table 1, and sets the membership function,
as shown in Figure 4.

Table 1. Fuzzy logic rules for power allocation of the HESS.

SoC
K
VS S M B VB
VS M S S VS VS
S B M S S S
LoH e M B B M S VS
B VB B M M M
VB VB VB B M M
Ivs S M B VB o 10 S M B VB
2
8 4 £ 08
£
.6 4 E 0.6
1 S 04
4 2 0.2
a
. ‘ N . 0 . . N .
0.2 0.4 0.6 0.8 0.2 04 0.6 0.8
LoH s SoC
(a) (b)

M B VB

N

0.4 0.6 0.8
k

(c)

Figure 4. Membership functions for the power allocation of the HESS: (a) Membership function of
LoH y4cs; (b) Membership function of SoC; (¢) Membership function of k.

According to the initial power allocation factor, k, solved by FLC, the initial power
allocation of the MFCS and BESS can be further obtained, as shown in Equation (9).

{ lefcs =k - Pret
p /bat = Pret — P /mfcs

©)
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where P, s is the initial power allocation of the MFCS, and P’y is the initial power
allocation of BESS.

3.2. Optimization of the MFCS Efficiency Based on FC Power Perturbation

Using LoH s and SoC as the basis for power allocation can keep MFCS and BESS in
a reasonable operating range, as much as possible, during operation and retain a certain
energy storage margin. However, in actual operation, the energy storage system needs
to be fully utilized to ensure the economy and efficiency of the microgrid. The hydrogen-
to-electricity conversion efficiency of the FC is closely related to its operating power.
Therefore, the problem of how to improve the efficiency of the MFCS by adjusting the
power distribution of the FC; has its research value. To achieve the above objectives, this
paper proposes an MFCS efficiency optimization strategy based on FC power perturbation
(OP for short), and the implementation steps are shown in Figure 5. The core steps of
this strategy can be divided into the following two parts: calculation of the MFCS's initial
efficiency and optimization of the MFCS efficiency based on FC power perturbation.
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Figure 5. Flow chart of OP.

3.2.1. Calculation of Initial Value of the MFCS Efficiency

The prerequisite for calculating the MFCS’s efficiency is clarifying the output power
and corresponding efficiency of the FC;. Similar to the power allocation principle of the
MFCS and BESS, the power allocation of the FC; is based on its energy storage margin. FLC
will be used to allocate the power from MFCS to FC;. Specifically, the single-stack power
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allocation factor k' is introduced, and the value of k' is adjusted according to the state of
the LoH; so that the FC; with a large LoH; is given priority to output more power.

The initial power allocation of the FC; is shown in Equation (10). The corresponding
three-input and three-output fuzzy logic rules table is shown in Table 2, and the membership
functions are shown in Figure 6.

P/fci = k/i . lefcs (10)

Table 2. Fuzzy logic rules for power allocation of the PEMFC;.

LOHfClI LOchZI LOch3 kfcl/ kfc2/ kfc3 LOchll LOHfCZI LOch3 kfcll kfc2/ kfc3 LOchll LOHfCZI LOch3 kfcll kchl kfc3

S,S,S M, M, M M,S, S B,S,S B,S,S B,S,S
S,S,M S,S, B M, S, M M, S, M B,S,M B,S,M
S, S, B S,S,B M,S, B M,S,B B,S,B B,S,B
S5M,S S,B,S M,M,S M, M, S B,M,S B,M,S
S,M,M S,B,B M, M, M M, M, M B,M,M B,M,M
S,M,B S,M,B M, M, B M, M, B B,M, B B,M,B
S,B,S S,B,S M, B, S M, B, S B,B,S B,B,S
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Figure 6. Membership functions for power allocation of the FC: (a) Membership function of LoH;;
(b) Membership function of k';.

In order to avoid the collaborative control delay to the HESS caused by the slow
real-time calculation speed of 74, this paper adopted the offline calculation method to
collect the relevant operating parameters of the FC; in advance, calculate the hydrogen-to-
electricity conversion efficiency corresponding to different output powers of the FC;, and
store the results. Therefore, when the initial value of the MFCS efficiency, #mfcs old, under
the initial power allocation of the FC; is calculated by Equation (11), 'f; can be found by
only mapping P'¢; in the offline database.

/ / /
p fcl p fc2 p fc3
Nmfes_old = Plit

11
Py | Phs (11)
N M2 Mis

3.2.2. Optimization Process of OP

It can be seen from Equations (6) and (11) that when the efficiency of the FC; reaches
the optimal value, #¢; max, the efficiency of the MFCS is also optimized. Therefore, to
improve the efficiency of the MFCS, FC; takes the power value Py,; max corresponding to
Nfci_max as the power reference point (¢c; max and Py;; max can be obtained from the offline
database) and the approximates P; max in a perturbation manner based on the current
power allocation value P’¢;. The perturbation rule of the FC; is shown in Equation (12).
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©) P/fci > Pﬂiﬁmax
Prii=A1- Py (09 <A <1)

® Pt < Pyi_max (12)
Pl = Ay Pl (1< Ay <1d)

® Plii= Piyi_max
Pl = A3 Pl (As=1)

where A1, Ay, and A3 are the perturbation factors in three different situations, and P"¢; is
the output update value of the FC; after perturbation. The efficiency curve of the FC has
the characteristic of increasing first and then decreasing. Therefore, when P'¢; is on the
right side of Pyj; max, P'¢; needs to be reduced to make 7’f,; approach 7 max, and A; takes
a random value in the interval (0.9, 1). Similarly, when P'¢; is on the left side of Ppy; max, A2
takes a random value in the interval (1, 1.1); when P'g; is exactly equal to Pyj; max, A3 takes
a value of 1, and no perturbation is required.

Furthermore, the output update value P” ¢ of the MFCS after the perturbation can
be calculated as shown in Equation (13).

P”mfcs = P,/fcl + P”fcz + P”fc3 (13)

The efficiency update value, #yss, of the MFCS after perturbation is shown in
Equation (14).

— P,,fC1+P/,fC2+PHf63 (14)
Umfcs - pr fcl P (2 p f3

" " "
T fa T f2 T 3

To avoid frequent fluctuations in the output power of the MFCS during OD, it is
necessary to screen the advantages and disadvantages of the #,¢s and P”¢;. The screening
conditions are divided into two levels. The first level is the screening for the efficiency
improvement in the MFCS, which requires an improvement in #,¢.s by more than 5%.
The second level is the restriction on the output value of the FC; and MFCS, as shown in
Equation (15). The output value of the FC; after the perturbation should not exceed its
upper and lower limits and should consider the output capacity of the BESS so that after
the complementary output of the MFCS and BESS, the requirements of Ppet can still be met.
Additionally, in order to smoothly adjust the MFCS output and avoid damage to the device
caused by large fluctuations in the output value of the energy storage system, it is required
that the change rate of the MFCS output value before and after the perturbation should not
exceed 15%.

Pfcz;min <p fci < Pfcifmax
1 _
Pomtee~Pntes | < 159%, (15)

mfcs

B net — B bat_max < pr mfcs <P mfcs_max

where Pg.j min and Pg; max are the minimum and maximum outputs of the FC;, respectively;
Ppat max is the maximum output of the battery in the BESS; and P ycs max is the maximum
output of the MFCS.

The P"¢; that satisfies the above two levels of screening can be used as the reference
value of the new round of the FC; power perturbation and participate in the further
optimization of the MFCS's efficiency until the optimization stop instruction is met (such as
the sampling interval of EMS is reached). The currently found P”¢,; and P” , ¢.s that make
the #7m¢cs optimal are output as the reference values of the FC; and MFCS, respectively.

4. Simulation Verification

In order to verify the application effect of the strategy proposed in this paper, a
model of the HESS with the parameters shown in Table 3 was built with the MATLAB
R2022a/Simulink platform.
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Table 3. Parameter settings for the simulation.

Device Variables Value
Nsfel 300
FCy Pt e 10 kW
U 425V
e2 420
FC2 P fc2_e 12 kW
U 515V
Nsfe3 500
FCs Pt3 e 15 kW
Uges 595V
Ptank_max 25 MPa
Tank Venk 30L
C 30 Ah
Battery Upat o 300V
Ppat e 30 kW
Cge 2000 pF
DC Bus Uge 480V

4.1. Verification of the Power Adaptive Allocation

The initial power allocation of the Ppet needs to take into account the LoH;, LoH s,
and SoC so that the output capacity of each energy storage device is compatible with its
energy storage margin. Therefore, in order to verify the effectiveness and feasibility of the
FLC-based power adaptive allocation strategy, this section sets up two scenarios for the
microgrid’s operating environment, as shown in Table 4. In Scenario 1, the initial values
of the energy storage margin are different; in scenario 2, the initial values of the energy
storage margin are basically the same.

Table 4. The runtime environment of the DC microgrid.

Time (s) va (kW) Pload (kW)
0-1 3.1 10
1-2 4.6 15
2-3 6.2 25
3-4 3.1 25
4-5 7.8 25

4.1.1. Scenario 1

The initial values of the energy storage margin of the devices in Scenario 1 are different,
so this paper set the values of the LoH;, LoH ¢, and SoC as shown in Table 5. The corre-
sponding simulation results of the power of photovoltaic, load, HESS, and the simulation
result of bus voltage are shown in Figure 7a; the LoH; simulation results of the FC; are
shown in Figure 7b.

Table 5. Initial parameters of the devices in Scenario 1.

LoH;4 LoHg, LoH¢3 LoH s SoC
0.75 0.5 0.25 0.5 0.7

As can be seen from Figure 7, the Pnet compensation amount undertaken by the BESS
is higher than that of the MFCS. For the single-stack power allocation of the MFCS, the FC;
output value was positively correlated with the LoH;. At the same time, in the same period,
the LoH; drop in the FC; with a higher LoH; was greater, and the LoH; drop in the FC; with
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a lower LoH; was lower, which also reflects that the discharge rate of the FC; is related to

the range of LoH;.
354 — Py — Pl
304 = Pina Ploa [
54 — Ua 560~
i 20 4 L 540 %
: 1]
2 i: <00 S z:: LoHt ALoH;,=0.051
5 — — — P 480 0.6 |
= LoHi, ALoH;;=0.031
3 0.5 1
354 Pl 0.4 1
34 P 0.3 1 LoHyes ALoH;3=0.017
i 2.5 4 Pl 0.2 4
= 29
£ s ' * Time 9 )
[
14
0.5 4
0.5 1 1.5 2 25 3 35 4 4.5
Time (s)
(@) (b)
Figure 7. Simulation results of Scenario 1: (a) Power of devices and bus voltage; (b) LoH of the FC;.
It can also be found that although the PV and load conditions are constantly chang-
ing in the microgrid’s operating environment, the microgrid, as a whole, satisfies the
supply—demand balance by coordinating the output of the HESS through the FLC strategy
so that the DC bus voltage fluctuation is less than 1.5%.
4.1.2. Scenario 2
The initial values of the energy storage margin of the devices in Scenario 2 are basically
the same. This paper set the values of the LoH;, LoH (s, and SoC as shown in Table 6. The
corresponding simulation results of the power of the photovoltaic, load, HESS, and the
simulation result of the bus voltage are shown in Figure 8a; the LoH; simulation results of
the FC; are shown in Figure 8b.
Table 6. Initial parameters of the devices in Scenario 2.
LoH¢4 LoH¢., LoHg LoH s SoC
0.45 0.5 0.55 0.5 0.3
354 —P, — Pl .
309 = P Plya
254 — Uy 560
i 20 4 L s40 §
= 154 g
: lo'ﬁ:r:—\—-szo 3 0.56 1 LoH, ALoH;;=0.014
= 54 '__500 > g O3 O 5c3=0.
0 ‘_‘g 0 0.54
1 0521 LoHyg ALoH;=0.016
S 05
5.5 1 0.48 1
P'icl
51 Pl 0.46 1 LoHia ALoH;=0.015
z 4'3 Pl 0.44 4
=
= 3.51
% 34 ! g Time (s) ’ !
A 2.5 4
2 4
1.5 4
05 1 15 2 25 3 35 4 45
Time (s)
(@) (b)

Figure 8. Simulation results of Scenario 2: (a) Power of devices and bus voltage; (b) LoH of the FC;.
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It can be seen from Figure 8 that the MFCS bears most of the Ppet compensation. For
the single-stack power allocation of the MFCS, the LoH; of the FC; is in a reasonable range,
so its output value varies slightly with the LoH;, but the discharge rate can be approximately
regarded as the same. In addition, the DC bus in Scenario 2 also remained stable, with
only a slight fluctuation of less than 0.93% occurring when the microgrid’s operating
conditions changed.

In summary, the FLC-based primary power allocation strategy enables the HESS to
adaptively allocate power according to the energy storage margin of each device in a
fluctuating microgrid environment, thereby maintaining the supply and demand balance
of the microgrid.

4.2. Verification of OP

Figure 9 shows the operating efficiency of the MFCS with the different combined
outputs of the three FC stacks (for ease of observation, Ps.3 = 8 kW, and only Py and Py,
are changed). As shown in Figure 9, when the P; of each fuel cell stack approaches Py; max,
fmics can also achieve a larger value at the same time. Therefore, on the basis of realizing
the initial power allocation, the energy storage system should further consider how to
make full use of the MFCS by fine-tuning the power allocation of the FC;. This section will
verify the application effect of the OP in improving the efficiency of the MFCS.

154

55
52

50 50

17 (%)
J _
£
Colour unit

Pfcl (kW) 00 Pfcl (kW)

Figure 9. Efficiency curve characteristics of the MFCS.

4.2.1. Efficiency Optimization Based on FLC Power Allocation Strategy

Figure 10 compares the operation of the MFCS and FC; before and after the FLC’s
initial power allocation strategy superimposed with OP.

In Figure 10a, #ps is the MFCS efficiency value corresponding to each perturbation
result during the OP process. #mes and 1" ¢; are the efficiency values of the MFCS and FC;
after using OP, respectively. #mses-old and 7’ f.; are the corresponding efficiency values when
the MFCS and FC; did not use OP for the initial power allocation given by FLC, respectively.
Figure 10b shows the difference in output power before and after the MFCS used OP.

From the operational results of 0-5 s, it can be seen that #,s.s Was always the opti-
mal value of #p;; under various operating conditions. Compared with #5014, it can
be seen that OP makes the MFCS achieve an efficiency improvement rate of 3.4-9.5%.
Synchronously, the efficiency of the FC; also improved to varying degrees, and the FC;
efficiency improvement rate can reach up to 8.6%. In addition, since OP limits the power
fluctuation rate and amplitude of the MFCS, and the output difference of the MFCS can
be compensated by the BESS, the power of the MFCS will not fluctuate significantly after
using OP, and the bus voltage fluctuation rate did not exceed 0.57%.
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Figure 10. Results of the OP based on the FLC power allocation strategy: (a) Efficiency of MFCS and
FC; and bus voltage; (b) Power fluctuation of MFCS.
4.2.2. Efficiency Optimization Based on ED Power Allocation Strategy
In order to explore whether the efficiency improvement effect presented by OP when
acting on the FLC strategy is accidental, this section applied OP to the following clas-
sic power allocation strategy used by the MFCS: ED (as shown in Equation (16)). The
corresponding simulation results are shown in Figure 11.
/ p /mfcs
Plrei = (16)
3
55 bsmmn " Mvtes st - 580
;—\; 50 o = HMfcs-old = Upc L 560 9
T 454 540
g 2
°:; 40 4 {’__J—— F520 £
g 3. ( ) L 500 ~ 0
30 480 5705 ] T\
60 — n"Fa == 'Fa E 11 L
554 J __:’___ ~ e I APy
2 o] L === 15
T oas{
; 40 - 0.5 1 1.5 2 2'i§' 3 3.5 4 4.5
£ 354 ime (s)
= 30 4
25 4
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(@) (b)

Figure 11. Results of OP based on the ED power allocation strategy: (a) Efficiency of MFCS and FC;
and bus voltage; (b) Power fluctuation of MFCS.

The interpretation of each parameter in Figure 11 is similar to that in Figure 10, except
for the difference in the method used to solve the initial parameters. P'; in Figure 10 comes
from the FLC power allocation strategy, and P'g; in Figure 11 comes from the ED power
allocation strategy.

From the operational results of 0-5 s, it can be seen that #y.s was always the optimal
value of 7yt under various operating conditions. Compared with #7014, it can also
be seen that OP makes the MFCS achieve an efficiency improvement rate of 3.2-9.5%;
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synchronously, the efficiency improvement rate of the FC; can reach up to 9.4%. In addition,
the bus voltage fluctuation rate was less than 0.55% during the process of OP.

In summary, OP has a certain universality and can be adapted to various MFCS power
allocation strategies. OP maintains the stability of the microgrid while improving the
electricity-hydrogen conversion efficiency of the MFCS.

5. Experimental Verification

In order to test and verify whether the coordinated control strategy proposed in this
paper is feasible in actual working conditions, this section creates a virtual real-time sce-
nario to simulate the microgrid operating environment of the HESS. Considering that
HESS-related equipment is expensive and potentially dangerous while in operation, this
paper chose the hardware-in-loop (HIL) experimental form and designed a digital experi-
mental platform, as shown in Figure 12, to facilitate the conduct of the experiment and the
observation of the results.

Digital Experimental Platform with Power Allocation & Efficiency

Lot [/

Optimisation for Electricity-Hydrogen Hybrid Energy Storage System e Bl
Voltage_dc Rload Enable_pv Enable_bat Enable_fc1 Enable fc2 Enable fc3 Efficiency Optimization = 3
480 2 | 4608 3| C» » a» » » ® £ o350}
o0’
(ot e (G [
Time - A
MFCS Power
B 3 e i 5| Efficiency Ty o N
p j P j : j Optimization - : 5
PEMFC, __ PEMFC, __ PEMFG; Host PC g 80000007 B ar
bl .
E E
DC Bus I l I 1 T I 2
| e— =
wil oy O S

[ ——...
959 965 o7 o75 9798
S Time AN

PV Load Battery Oscilloscope DSP Bus Voltage |/\/|

265, o7 a7s. 079
Time. $R®

Figure 12. Digital experimental platform with power allocation and efficiency optimization for
electricity-hydrogen hybrid energy storage system.

The initial values of LoH;, LoH ¢, and SoC in the HIL simulation are shown in
Table 7. In order to verify the application of the proposed strategy under variable working
conditions, the photovoltaic power was increased from 0.8 kW to 8.5 kW under the premise
that the load in the microgrid was constant at 10 kW.

Table 7. Initial parameters of the devices in the HIL experiment.

LOchl LOchz LOHfC3 LOHmeS SoC
0.75 0.25 0.5 0.5 0.5

The application effect of the coordinated control strategy is shown in Figure 13. Except
for a slight fluctuation in the bus voltage when the photovoltaic power suddenly increased,
it stabilized at the rated value of 480 V at other times. During operation, the output power
of the FC; was positively correlated with the LoH;, and when Ppe; decreased from 9.2 kW to
2 kW, the power borne by FC; also decreased synchronously, and the overall output of the
MEFCS decreased from 5.2 kW to 0.83 kW. The experiment’s results show that the proposed
collaborative control strategy could adaptively compensate for the fluctuating Ppet based
on the margin of the energy storage device so that the bus voltage fluctuation rate was
lower than 2.1% and maintained at a stable value.
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Figure 13. Results of the HIL experiment: (a) Voltage of FC; and bus; (b) Current of FC;.

6. Conclusions

This paper takes the HESS, composed of the MFCS and BESS in a DC microgrid, as the
research object and proposes a coordinated control strategy for the efficiency improvement
if the MFCS. After simulation and experimental verification of the proposed strategy, the
following conclusions were obtained:

(1) The proposed upper system-level coordinated control strategy can realize the adaptive
power allocation of the HESS using FLC according to the energy storage margin of the
MECS and BESS so that the energy storage system with a high energy storage margin
can bear most of the fluctuating net power of the microgrid.

(2) The proposed lower device-level coordinated control strategy can further divide the
overall power of the MFCS into single stacks according to the energy storage margin
of the FC; using FLC so that the power borne by the FC; is positively correlated with
LoH;. The high, medium, and low ranges of the LoH; also correspond to the faster,
moderate, and slower discharge rates of the FC;.

(38) The proposed OP takes the power-efficiency characteristic of the FC as the starting
point. After comprehensively considering the efficiency improvement in the MFCS,
the output fluctuation rate of the MFCS, and the upper and lower limits of the energy
storage system output, the power allocation of the FC; is adjusted in a perturbation
manner based on the initial power allocation so that the efficiency improvement rate
of the MFCS can reach up to 9.5%, and the efficiency improvement rate of the FC; can
reach up to 8.6%.

(4) When sudden changes occur in the power of the photovoltaic or load power, the
proposed coordinated control strategy can adaptively allocate and adjust the output
power of the MFCS, BESS, and FC; so that the bus voltage can return to the steady-
state value after experiencing a slight instantaneous fluctuation, with a fluctuation
rate of less than 2.1%.
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