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Stability of PV-Hydrogen Energy Hubs with
Grid-forming Energy Storage
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Zian Qin
Department of Electrical Sustainable Energy
Delft University of Technology, Delft,The Netherlands
Emails: {F.Y.Yang-1, H.Yu-6, J.Xiao-2, P.Bauer,
Z.Qin-2} @tudelft.nl

Abstract—Highly self-sufficient energy hubs offer a promising
solution to mitigate grid congestion in favor of grid operators
and to reduce grid fees for the benefit of energy hub operators.
Meanwhile, the energy hub’s capacity may far exceed the grid
connection capacity, creating a weak grid situation. As a result,
power quality issues such as voltage fluctuations, frequency
deviations, and even instability may occur. In this work, a
grid-forming energy storage system (GFM-ESS) is integrated
to address these potential problems. A model of the GFM-ESS
and energy hub is established based on a 50 kW PV-Hydrogen
energy hub demonstrator, where PV-generated power is utilized
for green hydrogen production. A trade-off design is proposed
to identify the optimal balance between the capacity of the
GFM-ESS and the grid connection. The voltage and frequency
response at the hub’s bus are analyzed to evaluate this trade-off.
While experiments with the 50 kW demonstrator are ongoing,
simulation results are provided to validate the effectiveness of
the proposed design.

Index Terms—energy hub, green hydrogen , GFM-ESS, Trade-
off design, system stability

I. INTRODUCTION

Green hydrogen, produced through water electrolysis, is
gaining prominence in energy-intensive sectors such as chemi-
cal manufacturing and transportation. As a key energy carrier,
it plays a crucial role in alleviating grid congestion caused
by high-power-demand energy systems [1], [2]. To facili-
tate local energy production and consumption [3], the PV-
Hydrogen energy hub concept—with limited grid connection
capacity—offers a compelling approach to green hydrogen
generation at a reduced Levelized Cost of Hydrogen (LCOH),
thanks to significantly lowered grid fees. However, such se-
tups create weak grid conditions, potentially jeopardizing the
stability and power quality of the energy hub [4]. Compared
to grid-following strategies, GFM-ESS is more suitable for
weak grids, due to its voltage stiffness and inertia provisioning
capabilities [5], [6].

The modern distribution network is expected to evolve into a
flexibly coupled system interacting with the main grid, capable
of actively supporting external power systems [3]. Energy hubs
convert traditional distributed power supply architectures into
integrated platforms that optimize the coordination among en-
ergy sources, grids, loads, and storage units, thereby enhancing
the performance of distributed power systems.
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A time-domain simulation model is implemented, balanc-
ing accuracy and computational efficiency by selecting and
comparing techniques at both the power electronics [6] and
system [7] levels. A well-parameterized demonstrator model
is developed to validate the approach. A trade-off design is
conducted to balance the capacities of the GFM-ESS and the
grid connection. The energy hub’s performance is tested under
various GFM-ESS ratings and grid strengths, characterized by
short-circuit ratios (SCR). Voltage and frequency responses
are selected as key indicators of system stability. After careful
tuning of current controllers and phase-locked loops [8],
instability arises when the SCR drops below 1.5. Previous
research [4] indicates that grid connections with SCR < 1.3
are difficult to stabilize under rated power conditions, despite
extensive tuning.

This paper incorporates a GFM-controlled ESS, demonstrat-
ing the potential of hybrid energy storage in energy hubs. The
GFM controller operates a lithium battery or supercapacitor
[9] to support the grid. However, the addition of GFM-ESS
increases system costs. Thus, a cost-performance trade-off
design is introduced to balance installation costs and stability
requirements, offering a practical pathway for energy hub
implementation.

The remainder of the paper is structured as follows: Section
Il presents system parameters and configurations. Section III
describes the control algorithms and modeling strategies. Sec-
tion IV outlines test scenarios and simulation results. Section
V concludes the paper.

II. SYSTEM DESIGN AND CONFIGURATIONS

This section illustrates the design procedure of the energy
hub, including energy components, power flow, electrical
parameters, and protection schemes. Fig.1 shows the system
configuration of the energy hub, including PV generation
systems, GFM-ESS, and green hydrogen production systems.
In this system, a PV system is the generation unit that
produces green electricity. The electrolyzer consumes the
energy produced by the PV system, generating green
hydrogen. The external grid is connected to PCC by a short
circuit limiter (SCLR) that forms different grid strength
connections. GFM-ESS has been implemented to enhance the
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stability of the system:

o« A 50 kW PV inverter

o A 50 kW Green Hydrogen Electrolyzer

o An external grid connected with a short circuit limiter
(SCLR)

o Energy storage system (ESS) for grid support

Exte?il Grid ' ; | - %

SCLR &

PV System
PCC Hydrogen GFM ESS
Electrolyzer
2 = 4

o)
. ==

Fig. 1: The configuration of PV-Hydrogen energy hub.

A 50 kW photovoltaic battery provides solar power for
the rectifier to electrolyze hydrogen. A short circuit limiter
mimics the weak grid under different grid impedances. The
consumption power from the electrolyzer is expected to be
the same as the solar power, which achieves the localization of
energy generation and consumption. As expected, the system
becomes unstable if the external grid strength is reduced to
SCR=1.5. The characteristic of this system is the combination
of the external grid and GFM-ESS to stabilize the system.
A trade-off design between the GFM-ESS rating and grid
capacity is proposed and elaborated for the energy hub ESS
configuration.

III. MODELING AND CONTROL

Inverter-based resource (IBR) control algorithms, such as
grid-following (GFL) [10] and grid-forming (GFM) [11], are
configured for the hydrogen electrolyzer and energy storage
system, respectively. Voltage and frequency are selected as key
indicators to reflect the system’s stability performance under
different test scenarios. The dynamic power flow of the PV
source, electrolyzer load, external grid, and ESS is analyzed.
Protection schemes such as current limiters and breakers are
implemented to safeguard the inverters [12]. Finally, the PV-
Hydrogen energy hub can operate in islanded mode with 100%
local generation and consumption.

Proper modeling methods and control strategies must be
designed for the energy hub. The converter models can be
categorized as switching models, average models, and pha-
sorial models, depending on the modeling depth. Although
the switching model offers the highest accuracy by captur-
ing switching behavior and power quality issues such as

supraharmonics [13], it is computationally expensive at the
system level. PSCAD is selected as the primary simulation
tool due to its strong performance in electromagnetic tran-
sient (EMT) simulation. Furthermore, PSCAD’s black-box
capability makes it suitable for industrial use cases involving
confidentiality concerns [14]. Table I summarizes the modeling
types and control strategies used for each component.

TABLE I: Model Settings

Components  Control Strategy Functions Modeling type

External Grid Voltage source Grid strengths EMT model

PV System GFL Inverter Energy provision Average model
Electrolyzer GFL rectifier Load Switching model
ESS GFM Converter Grid support Average model

A. Grid Connection

The Grid capacity is defined by SCR (short circuit ratio).
Eq. (1) defines the SCR, which varies from 5.0 to 0.5, by
increasing the impedance of the short circuit limiter.

Ssc o ZEH

SCR =
Srated Zg

(D

SscsSrated are the short circuit power and rated power,Zg g, Z,
stands for the equivalent impedance of the energy hub and
external grid. Besides, as the grid strength is reduced by
increasing the inductance value of the SCLR, the line
impedance can be considered as almost pure inductive, which
gives the following eq.(2):

V,Ve
Zg

_VeVe Vs
a Zg Zg

P =

(0, —0:) Q 2)

P, @ is the active power and reactive power transmitted
between the converter and the external grid. V,, V. are the
grid and converter terminal voltages. Z, is the grid impedance.
Active power and reactive power decoupling are achieved by
controlling the phase angle and voltage amplitude, respec-
tively. GFM control aims to generate the 6, and V. signals
to achieve grid synchronization.

B. Electrolyzer and PV

The electrolyzer model has three parts, including a GFL
rectifier, a DC-DC step-down converter, and an Electrolyzer
model. Fig.2 depicts the model and control of the rectifier and
hydrogen electrolyzer, where a buck converter and a front-end
rectifier supply the electrolyzer. The topology of the converter
is a three-phase, two-level voltage source converter, which is
described by eq.(3).

di di
LY = yy— By+wiLi, LEL =y,

b p — B, —wLig (3)
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Fig. 2: Control of rectifier and hydrogen electrolyzer.

The control of the converter is a GFL rectifier power con-
troller built-in DQ synchronous reference frame. Synchronous
Reference Frame Phase-Locked Loop (SRF-PLL [15]) is im-
plemented for grid synchronization. The controller is built in
the cascaded structure. The outer loop is a power loop that
generates the current reference signals, which are given by
eq. (4).

(P = P)Gpc =iq (Q"— Q)Gpc = i; 4)

G is the power controller that generates the current reference
signals 43 and i;. P* and Q* are the active power setpoints
and reactive power setpoints. The inner loop is the current
controller that generates the voltage modulation signals. The
current controller is built in the DQ axis by decoupling the
DQ current. With the reference angle 6 given by the PLL,
reference voltage signals uqp. are obtained by conducting DQ
inverse transformation, given in eq. (5).

Ug = (i5—1iq)Gec+vg—wliy uq = (i;—iq)Gcc—i-vq—i-wLid
&)
uq, ug are given by the current controller and feed-forward
compensation, which is computed by decoupling the DQ axis
current. Power reference signal P* is given by the measured
output power Ppy to achieve instantaneous power tracking.
The function of the DC-DC Buck converter is to step down
the voltage for the Electrolyzer. The loss is ignored for the
DC-DC converter, which leads to the power balance given by
eq. (6):

Pgr = Prec = Ppy (6)

The Electrolyzer is modeled as a controlled voltage source se-
ries connected with a variable resistor [16]. The electrolyzing
power is calculated by eq. (7).

Vie — Ep

Ppp = VdcT @)

Resistance R of the electrolyzer is referred to a look-up
table, which is determined by the DC capacitor voltage V.
Hence, the consumption power of the electrolyzer is achieved
by controlling the capacitor voltage V.. Besides, a short time
transient is needed to charge the supercapacitor so that the
capacitor voltage is higher than the back EMF. After that, the

electrolysis process begins. The PV inverter control follows the
same scheme as the Electrolyzer. A GFL inverter in power
control mode is adopted to provide controlled power to the
energy hub. The PV inverter’s DC dynamics are modelled as
a constant DC voltage source.

C. GFM-ESS

Fig.3 depicts the model and control of the ESS. A modified
GFM droop control is implemented for the converter. LPF
stands for the low-pass power filter.

PCC Converter —— J e

L — IBane or

SuperCapI
+ |

13 ~

Vabe —I

li,.

" P*
Uabe
o O
abc Inner N

4 ;A 0 5
OO

dq u,
Fig. 3: ESS with GFM control

Loop

Eq. (8) calculates the measured power signals P, and Q,,,
which are filtered to get the feedback power signals Py and
Q-

Pi=—' Py Q=+Q ®)
T3 Ts ™ F T 1xTsem

In the GFM mode, the phase angle is given the integration
of converter reference angular speed w, derived from the
active power droop control. The voltage reference signal V'
is derived by the reactive power droop. D), and D, stand for
the active and reactive power droop coefficients, respectively.
Eq.(9) gives the frequency and voltage reference signals, w
and V, respectively.

w=w"+ D,(P* — Py)

V=V"+Dy(Q -Qp) 9

Substituting (8) into (9), the emulated inertia is given by DL,
while the damping is given by ﬁ’ given as eq.(10).

1

Aw= T
D, Dp

AP, (10)
Rewrite equation (10) as the Virtual Synchronous Machine
(VSM) form to separate the inertia and damping power, which
is given in equation (11). Emulated inertia and damping are

given by M, and D., shown as eq.(11).

B 1 B 1

- -1 T
M.s+ D, o, + Dy

Aw AP, (11)

The GFM converter’s power setpoint is set at zero, as solar
power produces electrolyzing power. However, to maintain the
energy hub’s stable operation, a minimum capacity of the ESS

size is required. Regarding the ESS storage components, the
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battery is the conventional choice, and it can be considered
a constant DC voltage source. However, the supercapacitor
is more suitable for the ESS components in this energy hub.
The difference between the supercapacitor and the battery is
the regulation of the voltage of the DC side capacitor, which
influences the modulation process. The modulation process of
the converter is given by eq. (12).

Ua,b,c

Vd c

The modulation PWM signals d, . for the three-phase
two-level converters are generated by the modulation signals
Uq,b,c. Then, the output three-phase voltage v, . is obtained
based on the modulation modes of the converter. Hence, if the
overmodulation is avoided, both the battery and supercapacitor
play the same function in the VSC control. Thus, the dynamics
of the AC side and DC side are decoupled, which can be
modeled separately. The supercapacitor is selected because
of its high current capability compared to the constant power
provision of a normal lithium battery. The model of the
supercapacitor is simplified to the character of the capacitor
shown as eq. (13).

da,b,c = Va,b,c = da,b,cvdc (12)

1
Vie=Vo+ 5— /icdt (13)

Ccap
W is the initial voltage of the capacitor, C.q,, is the capacitance
of the supercapacitor. The supercapacitor model consists of
many of the same submodels; a simplified model is used here
to represent the system.

IV. THE PROPOSED TRADE-OFF DESIGN OF ENERGY HUB

With the completion of modeling, controller design, param-
eter tuning, and component selection for the demonstrator, the
power allocation between the external grid and the GFM-ESS
becomes a critical design task. The optimal configuration, or
“sweet spot,” minimizes both grid connection fees and the cost
of ESS components while ensuring system stability.

A trade-off design approach is therefore proposed to weaken
the grid connection progressively and assess the required
power rating of the GFM-ESS, ensuring both voltage and
frequency remain within acceptable limits. Fig. 4 illustrates
the design process. The initial grid strength is set to SCR =
5, corresponding to a strong grid condition. The voltage and
frequency deviations at the point of common coupling (PCC),
denoted as AV,.. and Afp.., are selected as the stability
indicators.

If the system performance satisfies these criteria, the SCR is
decreased to emulate weaker grid conditions. If either voltage
or frequency exceeds the operational range, the ESS capacity
is increased. This iterative process continues until the SCR
is reduced to zero, representing islanded operation. All tested
grid strength conditions are recorded, and the associated grid
and ESS costs are evaluated and compared. The configuration
yielding the lowest total cost while maintaining stability is
selected as the final design. Fig. 4 presents the flowchart of
the proposed trade-off process

Fig. 4: The flow chart of the trade-off design process.

V. SCENARIO TESTS AND SIMULATIONS

The objective of these scenario tests is to evaluate the
stability of the PV-Hydrogen Energy Hub under varying grid
and ESS combinations, validating the proposed design process.
Specifically, we analyze the impact of different grid strengths
and energy storage capacities on system performance. A
50 kW PSCAD simulation model is developed to evaluate
different scenarios. The simulation shows that SCR=1.5 is the
boundary grid connection strength, which means a lower grid
connection leads to instability. Table II presents the selected
four simulation results.

TABLE II: Scenario Tests

Case SCR GFM-ESS(kVA) V(%) f(Hz) Figure
1 1.5 0 +5%  +£3.5  Figs
2 L5 10 +3%  £0.5  Fig6
3 0 10 +25% +£2.5  Fig7
4 0 25 +1%  +0.5  Fig8

Fig.5 presents the boundary grid strength condition without
any grid support technologies which is of SCR=1.5. The solar
power is set as a ramp signal to simulate the system response.
It is inspected that the electrolyzer rectifier tracks the solar
power after a short transient. At the time around Is, the system
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comes to a steady state. Although the system is stable, the
frequency and voltage transients are still unaffordable for the
Energy Hub, and GFM-ESS needs to be integrated to improve

the stability performance.

Py

—_—P,
= =0Oro= =Qpy 8 59

2 3 4 5
(b) Time (s)

Power (kw/kvar)

——— s
ge (V)

Voltay
M
5

2
2
3

|

0 1 2 3 4 5 6 1 2

s e
(a) Time (s) (©)

3 4
Time (s)

Fig. 5: Case 1: SCR=1.5, boundary condition without ESS support. The system
is unstable if the SCR is less than 1.5. (a)Active and reactive power of the
energy hub. (b) Frequency of the PCC. (c)Voltage amplitude of PCC.

Following the design procedure, the ESS is increased to
maintain the voltage and frequency stability. Consequently, the
GFM-ESS is increased to 10 kW, Fig. 6 presents the test results
of the SCR=1.5 system with a GFM-ESS added. It is shown
that the oscillations of active and reactive power curves are
suppressed. The frequency is varied between 0.5 Hz, and
the voltage is varied £3% in the steady state.

40 P e P e P 50

= =0Oko= =QOpy 49.5)

3 4
(b) Time (s)

Power (kw/kvar)
-

4

g

Voltage (V)
5

0 3 4 5 6 1 2 3 4 5 6
(a) Time (s) (c) Time (s)

Fig. 6: Case 2: SCR=1.5 with a 10 kW GFM-ESS added. The system becomes
stable again by integrating a 10 kW GFM ESS. (a)Active and reactive power
of the energy hub. (b)Frequency of the PCC. (c)Voltage amplitude of PCC.

Continuing the design process until the SCR is decreased
to 0. Fig. 7 presents a simulation test for a 10 kW-GFM
ESS in the islanded mode. The Electrolyzer consumption
tracks the solar generation power, which achieves the active
power flow balance. Compared with fig.6, the absence of grid
capacity leads to a small variation of the power curves. The

frequency shows less desirable performance. However, the
system is still working as expected, which is also a reasonable
operation scenarios.

W

1 73 4 5 6
Time (s)

&}

Power (kw/kvar)

3 4
Time (s)

3 4
Time (s) (c)

Fig. 7: Case 3: 10 kW ESS without grid connection. The voltage and frequency
are out of operation range. (a)Active and reactive power of the Energy Hub.
(b) Frequency of the PCC. (c)Voltage amplitude of PCC.

Finally, the GFM-ESS is enlarged to the maximum afford-
able design capacity, which is 25 kW, which provides the best
voltage and frequency dynamics of in the islanded mode. From
the simulation test shown in Fig. 8, the voltage is limited
between 50£0.5 Hz, which satisfies the European power
system frequency operation requirements [17]. However, a
25 kW ESS might be too expensive and redundant for the
system. The final decision is made considering the economic
cost and the tolerance of energy hub equipment.

60 51
X
50 Z50.
z
2
3
40 Pr =P p==Pgs g s0
_ = == =0y =
5
Z 30 495
E 1 2 3 4 5 6
< (b) Time (s)
2 20
2 400)
10 Z300
&
- %zno
0
TN >|oo
-10 0l
0 2 3 4 5 6 1 3 4 6
(a) Time (s) (c) Time (s)

Fig. 8: Case 4: 25 kW GFM-ESS without grid connection. (a)Active and

reactive power of the Energy Hub. (b) Frequency of the PCC. (c)Voltage
amplitude of PCC.

VI. CONCLUSIONS

An Energy Hub design demonstrator, comprising a PV
system, a hydrogen electrolyzer, and grid support components
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such as a GFM-ESS, has been designed, modeled, and devel-
oped in this paper. Control algorithms including GFL control,
droop control, and virtual synchronous machine (VSM) control
are compared and implemented. A trade-off design is proposed
to balance the grid connection strength and the power rating
of the GFM-ESS. Simulations are conducted under various
scenarios to validate the proposed methodology. The results
demonstrate that a GFM-ESS with 20% of the rated capacity
is sufficient to maintain the stability and power quality of a PV-
Hydrogen Energy Hub. Finally, this paper presents a practical
design demonstrator from a practical perspective, offering a
new viewpoint on Energy Hub design.
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