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ABSTRACT: To address the operational challenges posed by renewable energy generation uncertainty and load
fluctuations in DC microgrids, this paper proposes a hierarchical coordinated optimization control strategy for
electricity-hydrogen hybrid DC microgrids (EH-DC-MG). The strategy aims to leverage the synergistic advantages of
hybrid electricity-hydrogen energy storage to simultaneously achieve multiple objectives, including economic system
operation, efficient utilization of renewable energy, and reliable power supply. The upper optimization scheduling
layer formulates a mixed-integer linear programming model with the objective of minimizing the total system cost,
which incorporates equipment operation and maintenance expenses, battery depreciation, penalties for renewable
energy curtailment, and power/hydrogen supply shortages. By solving this model, optimal power reference signals are
generated for devices. The lower device control layer employs designed DC/DC converter control strategies to ensure
fast and accurate tracking of the optimization commands while maintaining DC bus voltage stability. Simulation results
demonstrate that the proposed strategy can effectively coordinate electricity-hydrogen energy conversion and storage.
Under various typical and extreme scenarios, the system maintains a high renewable energy utilization rate—remaining
above 97.572% even under extreme conditions—while keeping the power shortage rate and hydrogen load curtailment
rate at low levels. Specifically, under extreme power deficit scenarios, these rates are limited to 2.003% and 5.081%,
respectively, which are significantly below the 10% quality constraint threshold, thereby ensuring a high degree of supply
reliability. In addition, the DC bus voltage fluctuation is stabilized within 0.37%, far below the 5% safety operation
threshold, validating the effectiveness of the control strategy. This study confirms that the proposed hierarchical coor-
dinated optimization control strategy can support electricity-hydrogen hybrid DC microgrids in achieving economical,
reliable, and resilient operation, providing a key technical reference for the optimized management of microgrids with
high penetration of renewable energy.

KEYWORDS: Electric-hydrogen; DC microgrid; coordinated optimization; control strategy

1 Introduction

The global energy landscape has witnessed widespread adoption of renewable energy sources such
as wind and solar power, driven by escalating fossil fuel depletion and environmental degradation con-
cerns [1,2]. The power generation of renewable energy is highly susceptible to multiple complex factors
such as meteorological conditions and geographical environments, exhibiting strong uncertainty [3].
Consequently, the large-scale integration of renewable energy poses significant challenges to power systems.
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Hydrogen energy is hailed as the “ultimate energy source” of the 2lst century due to its extensive
storage capacities and long storage cycles [4]. Utilizing renewable energy for water electrolysis to produce
hydrogen transforms the strongly intermittent nature of renewable sources into storable hydrogen energy,
effectively mitigating the high volatility of renewable power generation [5]. Relying on energy storage and
conversion devices such as battery energy storage (BES), Hydrogen Storage Tank (HST), electrolyzer (EZ),
and fuel cell (FC) to achieve coordinated operation and integrated development of electricity-hydrogen
energy is a critical pathway for realizing long-term, large-scale electricity storage [6]. However, various
electric-hydrogen resources exhibit significantly different operating characteristics, thus integrating multiple
electric-hydrogen resources into distribution networks and achieving their efficient coordinated operation
still poses numerous technical challenges. For example, BES exhibits rapid response capabilities but low
energy density [7], while EZ and FC demonstrate significant differences in start-stop characteristics and
operational efficiency [8]. Coordinating various electric-hydrogen resources across different time scales
and operating conditions to optimize energy flow and conversion efficiency has become key to enhancing
the flexibility and stability of power systems. Additionally, the coupling operation of electricity-hydrogen
systems involves complex safety constraints, economic dispatch, and control strategies, urgently requiring
the development of refined collaborative operation models and intelligent regulation methods to support
efficient integration and stable power supply for power systems with high-penetration renewable energy [9].

DC microgrids facilitate the deep integration of distributed renewable energy sources, effectively
mitigating the imbalance between energy supply and demand [10]. Energy storage technology plays a
critical role in microgrid systems, ensuring their stability and reliability through its peak shaving and
valley filling functions [11]. Compared to traditional battery energy storage systems, integrated electricity-
hydrogen energy storage is more suitable for long-term and large-scale energy storage needs, significantly
enhancing energy utilization efficiency [12]. However, the typical architecture and operational modes of
integrated electricity-hydrogen energy systems remain inadequately defined, and the coordinated dispatch of
electrical energy storage, hydrogen energy storage, and power-to-hydrogen conversion equipment requires
further investigation.

Currently, research on control strategies for electric-hydrogen coupled DC microgrid systems primarily
focuses on energy management and stability maintenance aspects. Existing control strategies can be pri-
marily categorized into the following classes: rule-based control strategies [13-15], model predictive control
strategies [16,17], and optimization algorithm-driven intelligent control strategies [18-22]. However, most
existing control strategies focus on short-term energy balance, voltage stabilization, or operational cost
minimization, lacking effective optimization for long-term economic optimality.

The validation of microgrid operation strategies is predominantly based on a limited number of
typical daily scenarios, aiming to demonstrate the basic functionality and economic performance of control
strategies under normal operating conditions. For instance, ref. [16] employed a distributed economic model
predictive control (DEMPC) approach to manage a PV/hydrogen DC microgrid, with a primary focus on
optimizing daily operational costs; ref. [19] utilized an intelligent agent-based method for energy manage-
ment in an islanded AC/DC hybrid microgrid, enhancing system adaptability under typical conditions;
ref. [22] applied a data-driven deep reinforcement learning technique to optimize the peak-to-average ratio
and profit in a multi-microgrid system. However, the assessment of strategy robustness under extreme
conditions, such as prolonged insufficient renewable generation or severe power surplus, is often absent. This
lack of stress testing fails to provide convincing evidence for the practical application and reliability of the
strategies in real-world environments where extreme events are inevitable.

This paper proposes a hierarchical coordinated optimal control method for EH-DC-MG, which fully
considers the coordinated operation of electricity and hydrogen as well as the differences among various
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devices, aiming to achieve economical operation, renewable energy accommodation, energy supply and
coordinated control of the EH-DC-MG. The contributions of this paper are threefold:

1) A typical architecture for an EH-DC-MG is developed. This framework innovatively integrates the
hydrogen energy system comprising the EZ, HST and FC with the BES, leveraging hydrogen’s suitability for
long-term, large-scale energy storage and batteries’ capability for rapid response to form a complementary
hybrid energy storage system. This work provides an important reference for developing optimal scheduling
models and operational simulations. A hierarchical coordinated optimal control strategy for EH-DC-MG
based on MILP is proposed, aiming to determine the optimal operating states of equipment to minimize
system costs. By adopting appropriate control methods for DC/DC converters, the tracking of optimal
dispatch commands is achieved while ensuring stable system operation.

2) A hierarchical coordinated optimal control strategy for EH-DC-MG is proposed, which decomposes the
complex system management problem into an “optimization dispatch layer” and a “device control layer”. The
upper layer employs a mixed-integer linear programming (MILP) model with the objective of minimizing
the total system cost (including operation and maintenance, penalty costs for energy curtailment and power
shortage, and battery depreciation) to generate a globally optimal day-ahead dispatch schedule. The lower
layer designs corresponding local control strategies to achieve precise power tracking for the devices by
controlling the DC/DC converters, where the battery adopts constant voltage control to maintain the bus
voltage stability.

3) To thoroughly validate the effectiveness of the proposed strategy, this study analyzes not only 23 typical
daily scenarios but also tests two extreme scenarios characterized by severe scarcity and extreme abundance
of renewable resources. The results demonstrate that even under these extreme conditions, the strategy
maintains the State of Energy (SOE) of the HST and the State of Charge (SOC) of the BES within safe
operating ranges, while achieving high renewable energy utilization rates and extremely low energy shortage
rates. This provides critical quantitative basis and practical guidance for the engineering application of
electricity-hydrogen hybrid energy storage systems in real-world complex environments.

2 Modelling of the EH-DC-MG
2.1 The Typical Form of EH-DC-MG
Fig. 1 shows the typical form of EH-DC-MG.
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Figure 1: Overview of an EH-DC-MG
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The system’s power generation is provided by PV arrays and wind turbines (WTs). The PV arrays are
connected to the DC bus through unidirectional DC/DC converters, typically operating in Maximum Power
Point Tracking (MPPT) mode, while the WTs are interfaced with the DC bus via unidirectional AC/DC
converters, also generally employing MPPT control strategy. The system incorporates two types of energy
storage devices: hydrogen storage tank (HST) and battery bank. The BES is connected through bidirectional
DC/DC converters, with its charging and discharging operations regulating the DC bus power balance.
The hydrogen storage system consists of HST, coupled with power-to-hydrogen conversion equipment
including EZs and FCs. The EZs produce hydrogen through water electrolysis, facilitating electricity-to-
hydrogen energy conversion, and are connected via unidirectional DC/DC converters. Conversely, the FCs
generate electricity through hydrogen electrochemical conversion (hydrogen-to-power) and are similarly
interfaced using unidirectional DC/DC converters. All electrical loads in this DC microgrid are inherently
DC-compatible and are connected to the DC bus through unidirectional DC/DC converters, completing
the system’s integrated architecture for renewable energy utilization, multi-form energy storage, and efficient
power distribution. Additionally, the system incorporates a dedicated hydrogen energy pathway. The
hydrogen produced by the EZs is stored in the HST. When the microgrid is short of power or there is a
demand from the hydrogen load, the HST releases hydrogen to simultaneously supply the FCs for power
generation and meet the hydrogen load demand.

2.2 Electricity and Hydrogen Storage and Conversion Model
2.2.1 Hydrogen Storage Tank Model
The hydrogen storage rate of the HST is mathematically expressed by Eq. (1).

HST _ _ in out leak
my> =my —mi™t —my 1)

where m!ST, min, m0ut and m!e2k represent the hydrogen storage or discharge rate of the HST, the hydrogen

flow rate input from the EZs to the tank, the hydrogen output rate from the tank and the hydrogen leakage
rate from the tank, respectively.

Eq. (2) represents the net hydrogen input in terms of molar quantity for the hydrogen storage tank
during the time period from 0 to ty when hydrogen leakage is neglected.

t
n?:]o- m,dt )

where nf! is the net hydrogen input of the HST; m; is the hydrogen storage rate after ignoring hydrogen
leakage.

Eq. (3) represents the state of energy (SOE) of the HST at time ¢ based on the ideal gas equation of state.
RTysrny’ HST
HST Uo

SOE;, = —"* i 3)

where R is the molar gas constant; Tysr is the internal storage temperature of the HST; ViIST is the
rated volumetric capacity of the HST; U{™T and U!ST are the initial pressure and rated pressure of the
HST, respectively.

Eq. (4) represents the electrical power consumed by the compressor.

PtCP = acpmitn (4)
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where PP is the power of the compressor at time t; a“* is the power consumption coefficient of the
compressor in hydrogen compression.

Egs. (5) and (6) constrain the SOE of HST.

1 HST.h ch _ME°
,C C
SOEt = SOEt_l + mgST (77 m; — rlHST,diS ) At (5)
SOEnin < SOE; < SOEax (6)
where m!IST is the rated storage mass of the HST; #'ST<" and #"STdis are the hydrogen storage and output

efficiency of the HST, respectively; m<" and m{* are the hydrogen storage and release rates of the HST at
time t, respectively; At is the scheduling time interval; SOE,i, and SOE,,,x are the lower and upper limits of

SOE, respectively.

Eqs. (7) and (8) are constraints on the hydrogen charging and discharging rates of HST, and Eq. (9)
restricts HST from simultaneously charging and discharging hydrogen.

0 < m" < BISTh ST 7)
0 <mi® < Bt ®)
where BEST-" and BIST-4is denote the binary variables indicating the charging and discharging states of HST

HST

at time t, respectively; m >

is the maximum hydrogen charging and discharging rate of HST.

2.2.2 Battery Energy Storage Model
Eq. (10) represents the output voltage of lithium battery [23].

Uss = Eo = Koy 1+ Avexp (~BI) = Reasl” = Roliu (10)

where E; denotes the open-circuit voltage constant; K. represents the polarization constant characterizing
overpotential effects; Q indicates the maximum available capacity under standard testing conditions. I is
available energy between cutoff voltages; I' is the low-frequency dynamic current; Ay is exponential zone
amplitude; B is the inverse time constant of exponential zone; Ry, is the polarization resistance; I, is the
battery charge/discharge current; Ry, is the internal resistance of battery.

The state of charge (SOC) can be calculated using Eq. (11). Egs. (12) and (13) are constraints on the SOC
of BES.

1 t
SOC, = [1 -5 [ ) dt] % 100% (1)
0
ch_BES,ch P;iis
SOC;=(1-71)SOCy_; + BES Py — FES At (12)
ra
SOChin < SOC; < SOCax (13)
where 7, EBES, yPES<h and #BES-dis respectively represent the self-discharge rate, rated capacity, charging

efficiency and discharging efficiency of BES; SOC, illustrates the SOC of BES at time t; SOCyin and SOCiyax
are the upper and lower limits of SOC, respectively; P4 and P" represent the battery discharge power and
charge power at time t, respectively.
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Eqs. (14)-(17) constrain the range of charging and discharging power of BES, and Eq. (18) restricts that
BES cannot charge and discharge simultaneously. The relationship between rated power and rated capacity
is shown as Eq. (19).

di BES,dis pBES
0< P/™ <B P (14)
Pi >0 (15)
ch BES,ch pBES
0 < PP < BES:ch pBl (16)
P >0 17)
0 < BBESdis | pBES.ch (18)
BES BES
PBES — 0. 5EP (19)

where PPES represents the rated power; BPES4S and BPESh denote the binary variables indicating the
discharging and charging states of BES at time ¢, respectively.

2.2.3 Fuel Cell Model

A FC is a device that converts chemical energy from fuel into electrical energy. The proton exchange
membrane fuel cell (PEMFC) has been selected due to its high efficiency, rapid response characteristics, and
excellent modular adaptability. According to [24], the empirical expression for the output voltage of a single
FC unit can be represented as Eq. (20). The output voltage of the FC stack is expressed by Eq. (21).

Ufe?l = Ener - Uact + Uohm + Ucon (20)
U™ = n"Ug (21)

where UL is the output voltage of the FC unit; Ey, represents the nernst potential of the PEMFC; U,y
Uohm» and Uy, denote the activation overpotential, ohmic overpotential, and concentration overpotential,
respectively, which collectively characterize the polarization losses in the PEMFC. U"“ represents the FC
stack output voltage, and #nFC is the number of FC unites.

Egs. (22) and (23) represent the hydrogen consumption rate and oxygen consumption rate respectively

during FC operation.

JEC _ 60000R TcntCitc
fuel = P Pre Unx%
JFC _ 60000R TpcntCitc

ZFP,; Uo y%

(22)

(23)

FC
air

represent the volumetric flow rates of hydrogen and air, respectively; ¢ is the FC stack
current; z represents transferred electrons per reaction; F is the Faraday constant; Uy and U represent the

where vEC and v

utilization of hydrogen and oxygen, respectively; x and y are the volumetric concentration percentages of
hydrogen and oxygen, respectively; Pr,e] and P,;, are the pressures of hydrogen and oxygen, respectively; Trc
is the operating temperature of the FC.

The linearized expression for the relationship between the power consumption of the fuel cell and the
hydrogen production rate is shown as Eq. (24).
e PiC

_ 24
mt ﬂFCH ( )
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where mE© and P represent the hydrogen consumption rate and the power generation output of the FC
at time #; 7' indicates the energy conversion efficiency of the FC, and H stands for the heating value
of hydrogen.

'€ varies with the load rate of the FC. The segmented values of 7 and the load rate of the FC are given
by Eqgs. (25) and (26), respectively.

7EC, 0 < WFC <20%

w

nEC,,20% < WFC < 50%

FC
FC _ 25
T gEC,,,50% < WEC < 90% (25)
Mhigh» 90% < W <100%
PFC
FC _ ~t
W = o (26)

rate

where W¥C represents the load rate of the FC; 71, nhGy,, 75y, and qﬁicgh denote the electro-hydrogen

conversion efficiencies of the FC under different load rate segments.

2.2.4 Electrolyzer Model

The EZ can be equivalently modeled as a nonlinear DC load, and the voltage-current (U-I) characteristic
expression for a single EZ is shown as Eq. (27),and Eq. (28) represents the output voltage of the EZ stack [25].

k2 k3
T T T,
+
UEG = U, + DT g | TR ER R (27)
cell S S
U = n* U (28)

where Ufjl and UF? represent the voltage of the EZ cell and the EZ stack, respectively; ; and r, denote the
ohmic resistance parameters of the EZ, respectively; Tgz indicates the operating temperature of the EZ; S
stands for the surface area of the EZ electrodes; I*Z is the operating current of the EZ; KEZ ki, ky, and ks
are the overpotential parameters of the EZ; U, represents the reversible voltage of the EZ; n"Z represents the

number of series-connected EZ cells.

The relationship between U, and temperature is shown as Eq. (29).
U, = U? — k; (Tgz - 298.15) (29)

where U? is the reversible voltage under standard conditions; k; is the empirical temperature coefficient of
the reversible voltage.

The relationship between the hydrogen production rate of the electrolyzer and the operating current
at the corresponding time is shown in Eq. (30), and Eq. (31) represents the hydrogen production rate of the
EZ stack.

~ WFIEZ

2F
g = " qu (31)

qH,c (30)
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where gy  is the hydrogen production rate of the electrolysis unit; #g is the current efficiency of the EZ; gy
is the hydrogen production rate of the EZ stack.

The empirical formula for #g is shown as Eq. (32).

1¥/s)’
(I/5) s ke (32)

T e+ (I72)3)

where kf; and ki, represent the current efficiency parameters of the EZ.

During optimization modeling, the relationship between hydrogen production rate and EZ stack power
consumption is linearly approximated, as shown in Eq. (33).
EZ pEZ
gz _ MNP
= 33
=T (33)
where mEZ is the hydrogen production rate of the EZ stack at time ; 5% is the electrolysis efficiency of the
EZ stack; PEZ is the electrolysis power consumption of the EZ stack at time t.

3 Coordinated Optimization Control Strategy for EH-DC-MG

In this paper, the DC microgrid system operates in islanded mode and adopts a hierarchical coordinated
energy management architecture consisting of an optimization layer and a control layer. The upper optimiza-
tion layer performs long-term scheduling and planning. Using MILP, it coordinates the power allocation of
the BES, HST, FC, and EZ in each time period based on renewable energy output, and load demand, the SOE
of the HST and SOC of the BES. The objective is to achieve long-term economic optimization and improve
renewable energy utilization.

3.1 Device Control Layer

The hierarchical coordinated optimization and control strategy architecture for the EH-DC-MG is
shown in Fig. 2.

The BES operates in constant voltage control mode, with the primary objective of serving as a direct
voltage support unit for the DC bus. It suppresses power fluctuations in the system through rapid response,
thereby maintaining the stability of the bus voltage. Its output power is regulated by a Proportional-Integral
(PI) controller, which takes the deviation between the DC bus voltage reference value Up and the measured
voltage UBAT as the input and dynamically adjusts the charging/discharging power of the BES to maintain
a constant voltage. The output power of the FC is controlled via a current loop. First, the reference current
I*S is calculated based on the power command value PES issued by the optimization scheduling layer and
the FC terminal voltage UFC. Then, the deviation between T rFeCf and the actual current I'C is fed into a PI
controller, which generates a PWM duty cycle signal to drive the power converter, thereby achieving precise
regulation of the FC output power. The control strategy for the Electrolyzer (EZ) is similar to that of the FC,
also adopting a current control method. This enables the EZ to accurately absorb the corresponding power
from the DC bus according to the power command value PEZ provided by the optimization scheduling layer,

ref
achieving accurate tracking of the electric-hydrogen conversion power.
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3.2 Optimization Scheduling Layer
3.2.1 Objective Function

The optimization scheduling model aims to minimize the total integrated cost, which accounts for
equipment operation and maintenance costs, penalties for wind and PV power curtailment, penalties for
power shortage and hydrogen production reduction, as well as battery degradation costs. The objective
function is expressed as Eq. (34).

min C = Com + Cyaste + Cshort + Ceut + Ced (34)

where C represents the total system cost, which is the sum of equipment operation and maintenance cost
Com>» WT/PV curtailment penalty cost Cyaste; power shortage penalty cost Cghor, hydrogen production
curtailment penalty cost C.y, and battery capacity degradation cost Cq.

Optimization scheduling model

DC Bus
fznergy Pload H load
L
g = | Bt
| Electrical RE HVs
/l\ ‘w load
-h . = H
Constant Ure é%jﬁ 2
Renewable ‘m power e =
enerey control FC
- aaf

u Ut | Constant
voltage r

BES Ivat | control _— HST ) )
Constant 2 ' omman
Ur —>
UDC DC a power :’ ' signal
EZ H,

JEZ Measured

control signal

Figure 2: Control diagram of EH-DC-MG

Equipment operation and maintenance cost C,y, refers to all costs incurred during the operation and
usage of equipment. In optimization problems, for estimation purposes, this cost is often calculated by
multiplying each equipment’s investment cost by an operation and maintenance coeflicient. The calculation
formulas for Cyy, is shown in Eq. (35).

EL ELpEL , FC FCpFC , HST HST pHST , BESS BESS BESS
Com = Com€ P+ come P +com € E +Com € E, (35)
where cEL, ¢FC (HST "and ¢BESS represent the operation and maintenance coefficients for the EL, FC, HST

and BESS, respectively; while EL FC ST and BESS denote the unit investment costs for the EL, FC, HST
and BESS, respectively.

Cuwaste refers to the economic penalty incurred when renewable energy output is intentionally reduced
or abandoned due to technical or economic constraints, which directly reflects the system’s curtailment level
of wind and solar power. Cg,or¢ and C.y refer to the economic penalties resulting from implementing penalty
measures when insufficient power supply causes electricity deficits, and when insufficient hydrogen supply
forces hydrogen load curtailments, respectively. Cq reflects the cost incurred by battery lifespan reduction
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per usage cycle. The calculation formulas for Cyastes Cshort> Ceut> and Ceq are shown in Eqs. (36)-(39),
respectively.

T
Cwaste = Cwaste X Z P;NaSte (36)
t=1
L h
Cshort = Cshort X Z Pts ort (37)
t=1
T
Ccut = Ccut X Z H(t:ut (38)
t=1
T .
Ced = cca x . (P + P (39)

t

Il
—

where Cyaste> Cshort> Ceut> and Ceq represent the unit cost of renewable energy curtailment, unit power
shortage penalty cost, unit hydrogen load curtailment penalty cost, and battery degradation cost per kWh
of charge-discharge cycle, respectively; PYaste, pshort. peut peh - and pdis represent curtailed renewable
energy power, power shortage magnitude, hydrogen load curtailment volume, BES charging power, and BES
discharging power, respectively.

3.2.2 Constraints

To ensure real-time matching of electricity-hydrogen production, storage, and consumption while
maintaining system stability, the global power balance constraint and hydrogen energy balance constraint
are defined in Eqs. (40) and (41), respectively.

PtenergY + PtFC + Ptdls + Ptshort — Pioad + P;EZ + PtCh + PtCP + P:vaste (40)

m‘f‘s + m]fz + Hf“t = mfh + mfc + HltOacl (41)

where P$ho™t denotes the power shortage magnitude; PI°*¢ represents the system electric load power.

To maximize utilization of wind and photovoltaic power resources, curtailed wind and solar generation
must satisfy the condition specified in Eq. (42).

Pwaste < 6WPenergy (42)

where §,,, in the range of [0, 1], denotes the curtailment coefficient of wind and solar generation.

To meet the energy supply reliability requirements of the EH-DC-MG, the power shortage magnitude
and hydrogen load curtailment volume must satisfy Fqs. (43) and (44), respectively.

Ptshort < 6epload (43)
HE™ < §yHPM (44)

where . and 0y, in the range of [0, 1], represent the reliability coeflicient of electricity and hydrogen
supply, respectively.

During periods of abundant WT/PV generation, power injection from distributed energy resources to
the bus must be reduced. FC operation shall be prohibited, and BES shall operate in standby or charging
mode. During WT/PV generation shortfalls, Electricity-to-hydrogen conversion must be avoided, power
supply adequacy shall be prioritized. EZs must be deactivated, and BES shall discharge to mitigate power
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deficits within operational limits. Their input/output operating power cannot exceed their rated power and
these two devices cannot stand in the operation state simultaneously, as Eqs. (45)-(47).

0 < Pf* < PEFBE* (45)
0 < Pf¢ < PECBiC (46)
0<BF 1+ Bf¢ <1 (47)

where BEZ and BEC are binary variables to represent the working status of EZ stack and FC at time ¢,
respectively. Specifically, 0 indicates that the device is in the shutdown state and 1 indicates that the device is
in the operation state.

3.2.3 Solution Methodology

MILP is capable of simultaneously handling discrete decision variables and continuous variables, such
as the on/off status (0-1 integer variables) of equipment and the continuous regulation of power, thereby
enabling the precise description of the complex logic involved in the coordinated operation of electric and
hydrogen energy storage systems. MILP can guarantee a globally optimal solution or a definitive optimality
bound under convex optimization premises; by leveraging efficient algorithms like the branch-and-bound
method within mature solvers such as CPLEX, reliable scheduling schemes can be obtained within a
reasonable timeframe. Furthermore, its linear structure and standardized modeling framework facilitate the
seamless integration of various complex operational constraints (such as the mutual exclusivity of charging
and discharging states for energy storage, and tank inventory limits for hydrogen) and offer excellent
extensibility. The simulation platform is MATLAB R2018b, programmed with the YALMIP toolbox and
solved using the CPLEX solver, on hardware consisting of an Intel(R) Core(TM) i7-11800H CPU @2.30 GHz,
16 GB RAM.

4 Case Analysis and Discussion
4.1 Parameter Description

The detailed technical specifications of electricity-hydrogen conversion and storage devices belonging
to EH-DC-MG are summarized in Table 1. The heating value of hydrogen H = 33 kWh/kg [26]. For reliable
energy supply and full utilization of new energy sources, the rates of electricity shortage J., hydrogen load
reduction 0y, wind and solar curtailment §,, are all set as 10% [27]. And the unit penalty costs for curtailed
energy Cyaste, power shortage Cgport, hydrogen curtailment Cey, and the degradation cost per kWh of charge-
discharge cycle for the BES C.4 are 0.36 ¥/kWh, 1.2 ¥/kWh, 200 ¥/kg and 0.06 ¥/kWh, respectively [28]. Based
on common voltage levels for 150 kW-class DC microgrids, the DC bus nominal voltage Up is configured
at 750 V.

The wind/solar power output and electricity-hydrogen load demand data used in this study are derived
from the actual operational data of the Jihong Station in Ulanqgab City, Inner Mongolia, and are pre-
processed typical scenario data (comprising 23 typical days in total). The use of typical scenario data
effectively reduces the complexity of the optimization problem while capturing the system’s characteristic
operational patterns. These typical scenarios accurately represent the wind and solar power generation
characteristics and load fluctuation patterns across different seasons throughout the year in the region.
Achieving coordinated operation of equipment under these 23 typical scenarios provides valuable references
for conducting coordinated optimization over full-year or longer durations.
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The status of renewable generation output and net load demand are shown in Fig. 3. And from left to
right, the diagrams in Fig. 4 show the supply-demand matching scenarios on the Ist, 7th, and 23rd typical
days. The net load refers to the sum of the hydrogen load converted into an equivalent electrical load and the
electrical load.

Table 1: Technical specifications of electricity-hydrogen devices in EH-DC-MG

Device Technical specifications
VST = 400 L, UIIST = 200 MPa, #1STeh = 4HSTdis — 1009%, a“F = 0.0015 kWh/mol,
HST SOE = 0.8!, SOEax = 0.9, SOE iy = 0.1, ¢!I3T = 0.04, 15T = 8000 ¥/kg
BES EBES = 140 kWh, PEES = 70 kW, #BES:<h = yBES.dis — 9005, 7 = 39

SOCy = 0.5%, SOCpax = 0.8, SOCpin = 0.2, c2ES = 0.04, SES = 1200 ¥/kg

x =99.95%, y = 21%, Trc = 338.15 K, Pryel = 1.5 bar, Py, = 1 bar, n°€ =216, E,, = 1.128 V,
FC Ut = 99.59%, 115, = 48%, 115, = 57%, 155y, = 55%, 7S, = 52%,
U, = 59.12%, PEC =19.928 kW, c£C = 0.04, € = 4000 ¥/kW

U%=123V,8=01m? k. =193 x 107 V/K, k% = 0.185 V; k¢; = 2.5 x 10* A%/m*, kp, = 96%,
EZ ky =254 x 1072 m%/A, k, = —0.158 m*K/A, k; = 1.212 x 10° m*-K?/A, n¥% =70, #£% = 30%,
1 =8.232x107°, 1, = —4.51 x 1077, PEZ = 40 kW, ¢£Z = 0.04, &% = 2000 ¥/kW

>~ ra

Note: ! SOE, is the initial state of charge for the HST; 2SOC, is the state of charge for the BES.
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Figure 3: The status of renewable generation and net load
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Figure 4: Source-load matching on the typical days 1, 7 and 23
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As shown in Figs. 3 and 4, during a typical daily cycle, wind and solar power outputs exhibit distinct
patterns. From 00:00 to 06:00, only WTs supply electricity. Although the load demand is low during this
period, renewable energy output may still fall short of meeting the demand. Between 10:00 and 15:00, if solar
radiation intensity is high, PV output surges significantly. During this time, whether renewable energy output
meets load demand primarily depends on solar power, and there will be periods when renewable energy
output far exceeds load demand, as illustrated in the middle diagram of Fig. 4. If solar energy is insufficient,
the duration during which renewable energy output exceeds load demand will be shorter, as shown in the
left diagram of Fig. 4. After 15:00, as both solar and wind resources gradually diminish, renewable energy
output declines, while electricity consumption rises to its daily peak. Although WT output increases after
18:00, it may still be insufficient to meet demand. In cases where wind power output significantly exceeds
PV output, as depicted in the right diagram of Fig. 4, the high volatility of wind resources leads to a greater
mismatch between renewable energy output and load demand. In summary, a significant mismatch exists
between renewable energy output and load demand.

4.2 Comparative Analysis of Optimization Results

The status of electrical energy balance and hydrogen energy balance after optimized scheduling are
shown in Figs. 5 and 6. When renewable generation exceeds electricity demand, the surplus power is
absorbed by both the EZ and BES. One portion is converted into hydrogen by the EZ operation, while the
other portion charges the BES. The hydrogen produced by the EZ directly supplies the hydrogen load, with
any excess injected into HST for later release upon demand. When renewable generation falls below load
requirements, additional electricity must be sourced from the microgrid. This supplemental power is jointly
provided by the BES and FC. Under such conditions, the HST must simultaneously supply both the FC and
hydrogen load, resulting in significantly higher hydrogen discharge flow rates.

During surplus renewable generation absorption, the EZ takes precedence over BES charging for two
primary reasons. Firstly, substantial hydrogen production via EZ is required to meet hydrogen load demands;
Secondly, BES exhibits self-discharge phenomena making them unsuitable for long-term storage, while
frequent charging cycles accelerate degradation, incurring operational costs—thus avoiding excessive battery
charging is imperative.
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Figure 5: The status of electrical energy balance
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Figure 6: The status of hydrogen energy balance

The variation in energy storage is shown in Fig. 7. When BES reaches its maximum capacity and the EZ
operates at rate power, but there is still excess WT and PV output that cannot be utilized, power curtailment
occurs. When the BES is depleted to its minimum level and the FC operates at its maximum generation
capacity, but the load demand still cannot be met, a power shortfall occurs. Hydrogen load shedding did not
occur at any point because the penalty cost for shedding hydrogen load is significantly higher than the cost
of a power shortfall.
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Figure 7: The variation in energy storage status

Multiple runs of the 23 typical scenarios show that the solving time for the optimization scheduling of
23 typical days ranges between 12 and 15 s, which is relatively fast and can meet the computational speed
requirements for optimization scheduling.

During this process, the coordinated operation mechanism of the electricity-hydrogen hybrid energy
storage system plays a critical role. To systematically validate the effectiveness of the proposed electricity-
hydrogen hybrid energy storage architecture in enhancing renewable energy integration capability and power
supply quality, a comparative analysis is conducted with a system configuration employing hydrogen storage
alone. Scheme 1 corresponds to the proposed electricity-hydrogen hybrid energy storage system, while
scheme 2 represents the configuration without the battery energy storage system and the fuel cell. Both
schemes undergo optimized scheduling based on the same 23 typical scenarios, and the comparative results
of the evaluation indicators are presented in Table 2.
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Table 2: Optimization results of schemes 1 and 2

Scheme Scheme 1 Scheme 2
Total cost (¥) 1909.413 3026.522
Operation and maintenance cost (¥) 1633.315 1209.863
Degradation of BES (¥) 276.098 0
Wind and solar curtailment cost (¥) 0 251.898
Power shortage cost (¥) 0 1564.761
Hydrogen curtailment cost (¥) 0 0
Renewable energy utilization rate (%) 100 97.357
Power shortage rate (%) 0 6.108
Hydrogen curtailment rate (%) 0 0

A comparative analysis reveals that the total system cost of scheme 1 (electricity-hydrogen hybrid energy
storage) is approximately 44% lower than that of scheme 2. Although the inclusion of BES in Scheme 1 leads
to an increase in operational and maintenance costs by about 35% compared to scheme 2, along with an
additional BES lifespan degradation cost, scheme 1 achieves a 2.63% higher renewable energy utilization
rate and a zero power shortage rate. As a result, scheme 1 completely avoids penalties associated with
wind/solar curtailment and power shortages, thereby significantly reducing the total system cost. The results
demonstrate that the proposed coordinated scheduling strategy for the electricity-hydrogen hybrid energy
storage system can effectively enhance the level of renewable energy utilization and power supply reliability,
while substantially improving the economic performance of system operation.

The typical scenarios can cover most common situations of new energy output and load demand
throughout the year, reflecting seasonal variations. However, under abnormal weather conditions, more
extreme situations may arise. To validate the system’s capability in handling extreme scenarios, two extreme
scenarios are specially configured. And the source-load matching under the extreme scenarios is shown
in Fig. 8.

80 I Renewable generation Net load Renewable generation Net load
WT PV WT PV

150
= z
< = 100
o
£ £

50
0 L

5 10 15 20 24 5 10 15 20 24
Time (hour) Time (hour)

(a) (b)

Figure 8: Source-load matching under extreme scenarios
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In extreme scenario (a), renewable energy generation is far below load demand. This may occur during
heavy rainstorms, where PV output drops to less than 10% of normal levels. Although PV output is not zero,
it is extremely low and negligible compared to WT output. Almost all renewable energy output comes from
WT, yet it remains below load demand for most of the day. The source-load matching for this scenario is
illustrated in Fig. 8a; In extreme scenario (b), renewable energy output significantly exceeds load demand.
For instance, during clear weather with strong gusts, both PV and WT output remain high, each substantially
contributing to the total renewable energy generation. The renewable energy output surpasses load demand
for most of the day while exhibiting extreme volatility. The source-load matching for extreme scenario (b) is
illustrated in Fig. 8b.

The status of electrical energy balance and hydrogen energy balance under extreme scenario (a) after
optimized dispatch is shown in Figs. 9 and 10. And the variation in energy storage status for HST and BES
under extreme scenario (a) is illustrated in Fig. 11.
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Figure 9: The status of electrical energy balance under extreme scenario (a)
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Figure 10: The status of hydrogen energy balance under extreme scenario (a)
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Figure 11: The variation in energy storage status under extreme scenario (a)

In Figs. 9-11, it can be observed that to address this extreme scenario, the initial storage levels of both
HST and BES are set high. To mitigate lifetime degradation caused by frequent charging and discharging
of BES, the FC is prioritized to meet load demand when renewable energy output is insufficient. Due to
ample hydrogen reserves, the FC can operate at maximum power whenever necessary, specifically during
hours 1, 8-13, 15-16, and 22. Since renewable energy output is significantly lower than load demand, the EZ
is disabled to reduce power consumption. All hydrogen for FC operation and hydrogen load demands are
supplied by the HST. During hours 1, 8-11, 13, and 15-16, the FC operates at full capacity but still cannot fully
meet demand, prompting the BES to discharge. The optimization scheduling model balances the penalty
cost of power shortage and the BES lifetime degradation cost, subject to SOC constraints. Consequently,
load shedding is implemented during hours 12-13, 15-16, and 22. As the overall energy supply during the
optimization period falls short of demand, any excess energy generated when renewable generation exceed
load demand is fully stored in the BES for rapid deployment when needed. This highlights the role of BES
in short-term energy storage and power fluctuation mitigation. As shown in Fig. 10, under extreme scenario
(a), the optimization scheduling model maintains both SOE and SOC within normal ranges.

The status of electrical energy balance and hydrogen energy balance under extreme scenario (b) after
optimized dispatch is shown in Figs. 12 and 13. And the variation in energy storage status for HST and BES
under extreme scenario (b) is illustrated in Fig. 14.

In Figs. 12-14, it can be observed that to address this extreme scenario, the initial storage levels of both
HST and BES are set low. To mitigate lifetime degradation caused by frequent charging and discharging
of BES, excess renewable energy output is prioritized for conversion into hydrogen by the EZ. During
hours 12, 14, and 16, the EZ operates at its rated power but still cannot fully absorb the surplus renewable
energy, prompting the BES to charge. Although the FC takes precedence over BES in compensating for
renewable energy shortfalls, observations indicate that during hours 7 and 22, the BES begins discharging
before the FC reaches maximum power. This occurs due to SOC constraints, requiring the BES to discharge
appropriately to prevent exceeding the upper SOC limit. The conversion of electricity to hydrogen and
its subsequent storage in the HST plays a crucial role in absorbing excess renewable energy when supply
significantly exceeds demand. The HST capacity exhibits minimal fluctuation, primarily because the low
energy conversion efficiency of EZ consumes substantial electricity for electrolysis while yielding limited
hydrogen output. Additionally, the BES experiences a gradual SOC decline even when idle, reflecting its
inherent self-discharge losses. This underscores HST’s advantage over BES in scenarios requiring long-term,
large-scale energy storage due to its superior energy retention capabilities.
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Figure 12: The status of electrical energy balance under extreme scenario (b)
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Figure 13: The status of hydrogen energy balance under extreme scenario (b)
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Figure 14: The variation in energy storage status under extreme scenario (b)

The cost items and evaluation metrics of the optimized system under extreme scenarios are presented
in Table 3.

As shown in Table 3, under extreme extreme scenario (a), system achieves a 100% renewable energy
utilization rate, with a power shortage rate of only 2.003% and a hydrogen load curtailment rate of 5.081%,
which are significantly below the 10% upper limit for power quality constraints. Under extreme extreme
scenario (b), the renewable energy utilization rate reached 97.572%, with no power shortage or hydrogen
curtailment. In summary, the optimization results demonstrate that even under extreme scenarios, the
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scheduling model effectively coordinates power allocation among devices, achieving high utilization of
renewable energy while ensuring energy supply quality.

Table 3: Cost items and evaluation metrics of the optimized system under extreme scenarios

Extreme scenario Extreme scenario (a)  Extreme scenario (b)
Degradation of BES (¥) 4.38 7.35

Wind and solar curtailment cost (¥) 0 12.23
Power shortage cost (¥) 29.00 0
Hydrogen curtailment cost (¥) 14.33 0

Renewable energy utilization rate (%) 100 97.572
Power shortage rate (%) 2.003 0
Hydrogen curtailment rate (%) 5.081 0

4.3 Simulation Results Analysis

Use the optimization results of the typical day 1 as a reference command to conduct a system operation
simulation, thereby verifying the tracking effectiveness of the employed control method for the command.
The electrical power tracking performance are illustrated in Figs. 15 and 16.
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Figure 15: Electrical power tracking performance

EZ-sim
FC-sim

EZ-ref
FC-ref

-0.05 - 3

Hydrogen flow velocity (mol/s)
\ ~
s
=1
= o

0 0.001  0.002

Time (hour)

Figure 16: Hydrogen flow velocity simulation results
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In the legends of Figs. 15 and 16, ‘-sim’ denotes the simulated values, while ‘-ref” denotes the reference
values. And as shown in Fig. 15, both the EZ and FC eftectively track the power reference commands in the
Simulink-based simulation experiment, and the response time is less than 2 ms. Although the BES operates
under constant voltage control, its power output still follows the reference values. This occurs because the BES
undertakes the task of maintaining system voltage stability and power balance, and its power output following
the dispatch reference values demonstrates that the simulation system has achieved correct power balancing.
It can be observed that the BES exhibits significant overshoot during power regulation and noticeable ripple
in steady-state conditions. These issues arise from the complex nonlinear characteristics of the BES and the
switching actions of DC converter components. More advanced converter control strategies, such as virtual
synchronous machine control, can be employed to improve its transient performance, while filters can be
added to reduce ripple. This paper will not delve into an in-depth investigation of these aspects.

Fig. 17 shows the hydrogen flow rate errors resulting from the linear approximation of the electro-
hydrogen conversion efficiency for the EZ and FC. Calculations indicate that the steady-state average error
of the hydrogen flow rates for both the EZ and the FC over a day is approximately 1.97%, which is below the
3% control accuracy requirement. Furthermore, the core decisions of the optimal dispatch, namely, when
to start and stop the EZ and FC, and the power distribution between the battery and hydrogen storage
under different scenarios, are driven primarily by the system’s energy balance and cost structure such as
penalty costs. Therefore, the errors introduced by the model linearization are considered acceptable for
engineering purposes.
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Figure 17: Hydrogen flow velocity error

The fluctuation of the DC bus voltage is shown in Fig. 18. It can be observed that power adjustment by the
device leads to fluctuations in the DC bus voltage. Particularly, when the BES performs power adjustments
with a large magnitude, it causes significant fluctuations in the DC bus voltage. Moreover, when the BES
power is increased, the DC bus voltage decreases; when the BES power is decreased, the DC bus voltage
rises. Typically, at the 5th and 10th hours, the substantial increase and decrease in BES power resulted in a
drop and rise in the DC bus voltage, respectively. The maximum absolute fluctuation of the DC bus voltage
occurred at the 5th hour, measuring only 2.8074 V, which represents a fluctuation amplitude of 0.37%. This
is significantly lower than the 5% safety operation requirement. Therefore, it is concluded that the control
strategy adopted in this study effectively maintains the stability of the DC bus voltage and ensures the safe
operation of the system.
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5 Conclusion

In this paper, a hierarchical coordinated optimization control strategy for EH-DC-MG is proposed,
aiming to support its economic operation, renewable energy utilization and reliable energy supply. The main
findings are summarized as follows: 1) The collaborative operation of long-term hydrogen energy storage and
short-term battery energy storage effectively mitigates source-load imbalances. Under the proposed strategy,
the SOE of the HST is maintained between 10% and 90%, while the SOC of the BES is regulated within
20%-80%, ensuring both operational safety and long-term cycling capability. This complementary
mechanism significantly improves the flexibility and reliability of the EH-DC-MG; 2) The hybrid electricity-
hydrogen energy storage system effectively overcomes the limitations of single-form energy storage in terms
of duration and power response through the synergistic complementarity of long-term hydrogen storage and
short-term battery storage. This provides critical support for achieving higher renewable energy utilization
rates and enhanced energy supply reliability. The optimal scheduling model based on MILP enables the EH-
DC-MG to significantly improve renewable energy utilization while ensuring power supply quality. Under
extreme operating scenarios, the proposed strategy demonstrates remarkable adaptability: in conditions
of severe renewable energy shortage, the system’s power shortage rate is only 2.003%, well below the 10%
threshold requirement. Conversely, in scenarios with excessive renewable energy generation, the system
still achieves a high utilization rate of 97.572%. These results fully illustrate the comprehensive advantages
of the electricity-hydrogen hybrid system in multi-timescale energy balance and operational resilience. 3)
The adopted control strategy can maintain the stability of the DC bus voltage, with the maximum voltage
fluctuation being less than 0.3%, which is far below the 5% safe operation requirement. In summary, the
hierarchical coordinated optimization control strategy proposed in this study provides a comprehensive
solution for the efficient, stable, and economical operation of EH-DC-MGs, offering both theoretical and
practical value for future renewable-dominated microgrid systems.

This study still has some limitations, which also point out the direction for future research. Specifically,
the model does not directly incorporate an uncertainty model for short-term forecasting errors of wind
and solar power, which poses a critical challenge in practical operation. Additionally, reasonable linear
approximations were applied to the nonlinear efficiency characteristics of the equipment. While these
approximations meet accuracy requirements under most operating conditions, they may introduce devia-
tions at extreme operating points. Future research could focus on integrating uncertainty-aware optimization
and refined modeling to better approximate real-world physical conditions, which would be more conducive
to increasing the penetration of renewable energy and ensuring supply reliability in engineering practice.
Furthermore, improving power electronic converter control strategies to enhance the dynamic performance
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of equipment, and extending the system model to multi-bus and AC/DC hybrid distribution network
architectures while considering the impact of power flow and voltage constraints, will be important directions
for advancing the practical application of electricity-hydrogen hybrid systems.
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