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Abstract

Traditional grid-forming converter (GFC) control faces fundamental challenges in maintain-
ing DC bus stability during rapid power transients, primarily due to the limited dynamic
response capability of source-side energy storage devices. To address this, this paper
proposes a hybrid control strategy integrating long short-term memory (LSTM) networks
with a joint GFC and storage converter (SC) control scheme. The LSTM detects short-term
voltage trends from historical DC bus data to generate a feedforward compensation signal,
while the joint SC-GFC control dynamically incorporates the GFC’s inertial power demand
into the SC’s power reference. Hardware-in-the-loop experiments show that, compared
to traditional independent control under the same step transient conditions, the proposed
method can reduce power overshoot by approximately 79.2%. The LSTM-enhanced joint
control maintains stable power flow and significantly suppresses low-frequency oscilla-
tions, validating the necessity of data-driven trend prediction for achieving superior inertial
support in practical constrained environments. This work provides a communication-free,
practical solution for enhancing GFC performance.

Keywords: grid-forming converter; storage converter; long short-term memory network;
voltage trend detection; converter joint control

1. Introduction
With the rapid development of renewable energy, distributed energy sources have

gradually become an important part of the power system [1–3]. In this context, the grid-
forming converter (GFC) has emerged as a crucial device for maintaining grid stability
and is widely adopted in microgrids and distributed generation systems [4,5]. However,
traditional GFC control strategies, which often rely on fixed parameters, can become mis-
matched under real-world conditions such as source-side storage performance degradation
and dynamic load variations. Such a control mismatch can consequently lead to degraded
dynamic performance or even system instability.

In recent years, scholars at home and abroad have carried out extensive research on
the dynamic characteristics of the grid-forming control. Ref. [6] proposed the concept of
damped area approximation to evaluate the effect of damping on the attraction domain
in a quantitative and intuitive way. Ref. [7] solved the problem of power angle instability
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in shunt inverters by introducing additional adaptive control loops to reduce the power
control points of the grid-forming control. Ref. [8] analyzed the system oscillation frequency
and its influence range by using the loop impedance matrix of a multi-GFC system and
proposed a modal evaluation method. Ref. [9] pointed out that the strong nonlinearity
of GFC increases the complexity of transient stability analysis, and proposed an equal
proportional area criterion based on the flexible control of inertia coefficients. Ref. [10]
studied the coupling mechanism between voltage and frequency of GFC in depth, and
proposed a unified stability analysis model for voltage, frequency and their coupling.
However, the above methods focus on the analysis of GFC operation characteristics and
do not consider the interaction between new energy sources, energy storage and power
grids. The energy storage devices underpinning GFC operation must therefore possess
both fast response capabilities and high reliability. Consequently, researchers have focused
on enhancing the GFC control strategies to improve the synchronization stability. Ref. [11]
proposes to improve the system robustness based on the interconnection damping distribu-
tion passive control. Ref. [12] proposed to implement damping improvement in transient
electromagnetic power compensation and transient damped power compensation based on
virtual synchronization strategy. Ref. [13] developed an overshoot compensator to achieve
the reshaping of synchronization phase for grid-forming grid-connected control and thus
improve the transient performance.

However, the aforementioned methods primarily focus on improving the internal
algorithms of the GFC and are typically validated under idealized assumptions—namely,
that the DC-side power source is an ideal voltage source or a battery with infinite capacity.
Such assumptions are difficult to satisfy in real-world systems because source-side energy
storage devices have limited dynamic response capabilities. In fact, while the GFC con-
trol algorithm itself can provide virtual inertia, the energy for its inertial power output
ultimately originates from the DC side. When the source-side energy storage devices are
unable to replenish energy in a timely manner due to capacity limitations, performance
degradation, or slow control response, the GFC’s inertial support capability is significantly
compromised, potentially leading to DC bus voltage collapse and system instability.

In addition, data-driven methods based on artificial intelligence offer new perspectives
for control optimization in distribution networks. Refs. [14,15] proposed a data-driven
approach to estimate the attractor domain of power systems incorporating GFCs while
developing novel control strategies. Ref. [16] introduced a model-based reinforcement
learning algorithm capable of approximating the dynamic process of GFCs through dy-
namic programming. Ref. [17] proposes a data-driven GFC pre-synchronization method.
Beyond converter control, recent work has also demonstrated the effectiveness of deep
recurrent networks for short-term forecasting of residential net-load and EV charging,
highlighting the potential of data-driven time-series modeling in renewable-integrated
systems [18]. When the inertial power demand of the GFC exceeds the storage converter’s
(SC) ability to respond, the DC bus voltage becomes unstable, leading to system oscilla-
tions or even collapse. Therefore, the core challenge shifts from merely designing a robust
GFC to managing the dynamic power balance at the DC link itself. Some data-driven
approaches [14–18] have been explored, but they often depend on external communication
networks, introducing latency and reliability concerns. Therefore, the core challenge has
shifted from simply designing a robust GFC to managing the dynamic power balance of
the DC bus itself. Conventional SC control operates in a passive response mode—the SC
only begins to act when the DC bus voltage has already deviated from the reference value.
This inevitably introduces a delay that cannot keep pace with the rapid inertial demands of
the GFC.
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To address these challenges, this paper proposes a hybrid drive strategy combining
proactive prediction and cooperative control. Rather than using Long Short-Term Memory
(LSTM) networks to predict external disturbances, we leverage their time-series modeling
capabilities to detect impending power imbalance trends from historical fluctuations in the
DC bus voltage, thereby providing a feedforward compensation signal to the SC. Based
on this, a joint control architecture for the SC and GFC is designed, incorporating the
GFC’s inertial power demand as an input to the SC’s outer-loop power control to achieve
dynamic coordination between the two. This approach requires no external communication
and effectively enhances the system’s dynamic stability in scenarios with limited energy
storage capacity. Unlike existing methods, this work uniquely combines (i) a joint SC-
GFC control architecture that feeds the GFC’s inertial power demand back to the SC, and
(ii) a communication-free LSTM feedforward path that anticipates voltage trends. The
novelty lies in the synergistic integration of physical feedback control and data-driven
trend prediction within a single closed-loop framework. A comparison table is shown in
Table 1.

Table 1. Comparison of Relevant Studies.

Reference Control Architecture Data-Driven Communication Required Key Limitation

[6–10] GFC only No No Ignored source-side dynamic

[11–13] GFC with
enhanced algorithms No No Assumed ideal DC source

[14–17] GFC + data-driven
optimization Yes Yes Communication latency risks

This work Joint SC-GFC Yes
(LSTM feedforward) No Limited validation under

extreme SOC (future work)

The specific contributions of this paper are:

• A joint SC-GFC control architecture that feeds the GFC’s inertial power demand to the
SC power loop.

• An LSTM-based feedforward path that extracts voltage trends from historical Udc data.
• A hybrid physical-data-driven framework that weights and fuses feedback and feed-

forward signals.

The sections of this paper are organized as follows: Section 2 introduces the system
structure of this paper as well as the basic control method. Section 3 introduces the
modeling of energy storage devices and the equivalent modeling of PV devices. Section 4
describes the LSTM trend-sensing method and the design of the SC-GFC joint control
system. Section 5 is the evaluation of the rationality of the methodology and modeling
described in this paper through hardware-in-the-loop validation. Section 6 is the conclusion
of this paper.

2. System Configuration
2.1. Power Model of GFM-ESS

Figure 1 illustrates the detailed configuration of the GFC-based grid-connected system.
At the point of common coupling (PCC), the three-phase currents and voltages are denoted
as iabc and uabc, respectively. The GFC supplies active power Pv and reactive power Qv to
the AC side, with its internal electromotive force Ev and the PCC voltage Ep determining
the power exchange. The phase angles of the GFC and the grid are represented by d and
q, while Lf and Cf denote the filter inductance and capacitance. It is worth noting that the
LC filter is damped by a series resistor Rf to suppress high-frequency resonance [19]. Rf
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is not shown in Figure 1 because the internal resistance of Lf acts as part of the damping
resistance, and together with the additional series resistor, they form Rf.

Figure 1. Topology of the system.

For instantaneous power calculation, we adopt the Clarke-transformation-based ap-
proach proposed in [20]. This method circumvents the synchronization errors that typically
arise when computing power in the dq reference frame under unbalanced or distorted
grid conditions. {

Pv = EvEp|Yl | sin
(
δ − θ − arg

[
Yg
])

− Re[Yl ]Ep
2

Qv = EvEp|Yl | cos
(
δ − θ + arg

[
Yg
])

− Im[Yl ]Ep
2 (1)

Based on the power calculation results, a first-order low-pass filter with cutoff fre-
quency ωf is introduced to smooth the measured power, yielding:

Pv =
ω f

s+ω f
iT
αβuαβ

Qv =
ω f

s+ω f
iT
αβ

(
0 −1
1 0

)
uαβ

(2)

where: iαβ = [iα, iβ]T and uαβ = [uα, uβ]T are the Clarke transform results of sampling
three-phase current and three-phase voltage, respectively.

2.2. Basic Grid-Forming Control

The grid-forming converter enables direct regulation of system frequency and voltage
through built-in virtual inertia and damping characteristics. Its core lies in achieving
dynamic characteristics similar to those of a synchronous generator through active and
reactive power control loop design. Currently, common GFC control strategies include
droop control, virtual synchronous generator (VSG), and virtual oscillator etc. In this work,
VSG is used as the control strategy of GFC.

The VSG control strategy emulates the electromechanical behavior of a conventional
synchronous generator by replicating its stator-voltage and rotor-swing dynamics [21].
The evolution of the power angle is governed by the well-established second-order swing
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equation, which captures the interaction between the mechanical input and the electrical
output of the virtual machine. This equation is a set of second-order nonlinear differential
equations which describes the relationship between the mechanical and electromagnetic
power of the moving rotor. Based on this equation the process of rotor motion to generate
the power angle can be described as:{ dδ

dt = ωv

Jv
dωv
dt =

Pre f −Pv
ωre f

− Dv

(
ωv − ωre f

) (3)

In the above equations, ωref denotes the nominal angular frequency, while ωv repre-
sents the instantaneous frequency of the VSG. The term Pref corresponds to the mechanical
driving power, which in this context serves as the active power setpoint. The parameters Jv

and Dv are the virtual inertia and damping coefficients, respectively, and the angles d and q
track the real-time phase of the GFC relative to the grid.

The excitation voltage of the VSG is synthesized from a nominal voltage reference
and the reactive-power error, following a droop-type characteristic. This formulation
mirrors the conventional reactive-power/voltage droop control used in parallel-operated
converters. Defining the droop coefficient Kqu, the induced electromotive force Ev of the
VSG is expressed as:

Ev = Ure f +
1

Kqu

(
Qre f − Qv

)
(4)

where Uref is the voltage reference value; Qref is the reactive power reference value.

2.3. Source Measurement Storage Converter Control

The SC is a bidirectional DC-DC power stage that must deliver rapid power response
to support the GFC during transients. To achieve this, a two-level cascade control structure
is adopted, comprising an outer power-regulation loop and an inner voltage-regulation
loop, as depicted in Figure 2. This cascade arrangement enables independent tuning
of dynamic tracking and steady-state accuracy—the inner loop handles fast disturbance
rejection, while the outer loop governs the power-scheduling performance.

Figure 2. Energy storage converter control block diagram.

The inner loop employs a high-bandwidth PI compensator to regulate the converter
output current/voltage in real time, ensuring that the actual power delivery closely follows
the reference command from the outer loop. The outer loop, operating at a slower time scale,
adjusts the power reference based on the system-level requirements, such as the GFC’s
inertial power demand or the dispatched charging/discharging profile. This hierarchical
design ensures robust performance under a wide range of operating scenarios.

With reference to the control block diagram in Figure 2, the state variables of the
system are defined as x = [x1, x2]T. The input vector u = [Pce,ref, Pce, Uoce, Udc]T includes
the power setpoint, the measured output power, the battery terminal voltage, and the DC
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bus voltage. The output of the controller is the converter modulation index y = Un. The
resulting state-space description is given by (5) and (6).{ .

x1 = Pce,re f − Pce
.
x2 = kipx1 + kpp

(
Pce,re f − Pce

)
− Uoce

(5)

y = kpukipx1 + kiux2 + kpukpp

(
Pce,re f − Pce

)
− kpuUoce (6)

where Pce,ref represents the dispatch power of the energy storage device, which is positive
at the time of discharge; Pce represents the output power of the energy storage device; Uoce

is the terminal voltage of the energy storage device; and Udc represents the bus voltage. In
addition, the following definitions are made for the control parameters: kpp and kip are the
proportional and integral parameters for the power outer loop control; kpu and kiu are the
proportional and integral parameters for the voltage internalization control.

It should be noted that this paper focuses on the upper-level coordinated control
algorithms for the SC and GFC, specifically on how to generate reference values such as
Pce,ref, and Pref, rather than on the detailed protection design of the lower-level converters.
Therefore, a classic PI structure is adopted in the control loop, with its parameters tuned
according to the system’s dynamic response requirements. In practical engineering applica-
tions, protection modules such as current limiting and fault ride-through can be added on
top of this foundation without affecting the effectiveness of the high-level control strategy
proposed in this paper.

2.4. Photovoltaic Converter Control

The PV-side converter (PVC) also employs a DC-DC boost stage with a cascade
control configuration, as shown in Figure 3. Its primary function is to regulate the DC bus
voltage while extracting maximum or dispatchable power from the PV array. The control
architecture mirrors that of the SC, with a voltage outer loop and a current inner loop.
Consequently, the state equations of the PVC controller share the same structure as (5) and
(6), differing only in the specific gain values used for the PV-side dynamics.

Figure 3. PV converter control block diagram.

3. Modeling of Energy Storage and PV Devices
3.1. Equivalent Model of the Energy Storage Device

The dynamic behavior of the GFC is closely tied to the characteristics of its DC-side
energy source. Inadequate storage capacity or age-induced performance deterioration
can significantly degrade the overall system response. To accurately represent the bat-
tery dynamics in simulation and hardware testing, we adopt a third-order electrochem-
ical equivalent circuit that captures both the primary and secondary reactions during
charge/discharge cycles.

For a lithium-ion cell, the primary electrochemical process involves the reversible
redox reaction of LiCoO2 during discharge and its reverse during charging. Alongside
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this main reaction, parasitic side reactions—such as gas evolution with the electrolyte
solvent—also occur and are particularly pronounced under overcharge conditions. Fol-
lowing the framework originally developed for lead-acid batteries in [22], we construct a
third-order dynamic equivalent circuit that accounts for both the main and side reactions,
as illustrated in Figure 4.

Figure 4. Third-order dynamic equivalent circuit for lithium-ion batteries.

The third-order equivalent circuit shown in Figure 4 consists of three parallel RC
branches: the R1–C1 branch represents the electrochemical polarization process at the
electrode-electrolyte interface; the R2–C2 branch reflects the concentration polarization
caused by ion diffusion in the electrolyte; and the R3–C3 branch describes the long-term
diffusion kinetics within the electrode solid phase. The secondary reaction branch (Rgas)
simulates the parasitic gas evolution reaction, which is active only under overcharge
conditions. All parameters of the main branches are functions of the state of charge (SOC)
and the electrolyte temperature Tce:

The parameters in the main reaction branch are all determined by the SOC and
electrolyte temperature of the lithium-ion battery, and the parameters of the secondary
reaction branch are empirical parameters, and the specific expressions are not derived in
this paper. The main reaction branch electric potential is expressed as:

Ece = Emce − Ke(273 + Tce)(1 − SOC) (7)

For a comprehensive discussion on equivalent circuit modeling of lithium-ion bat-
teries, see [22,23]. Where Ece is the electric potential of the energy storage device; Emce is
the theoretical maximum value of Ece; Ke is the conversion factor. Tce denotes the tem-
perature within the electrolyte of a lithium-ion battery, which conforms to the differential
equation [24]:

ctce
dTce

dt
=

Tair − Tce

Rtce
+ Ptce (8)

where ctce is the specific heat capacity of the electrolyte; Tair is the temperature of the
environment around the battery; Rtce is the thermal resistance between the battery and the
environment; and Ptce is the heat inside the battery.

The parameters in (7) and (8) are affected by the environment, but can be regarded
as constants for second-scale experiments. The side reaction branch is not reflected in
the charging process, so the Davening characteristics of the discharge and charge of the
lithium-ion battery are, respectively:

R+
eq,ce =

sRwRdCw+Rgas(Rw+Rd)

sRwCw(Rd+Rgas)+Rw+Rd+Rgas
+ Rp

E+
oc,ce =

Rgas(sRwCw+1)(Ece−Egas)
sRwCw(Rd+Rgas)+Rw+Rd+Rgas

+ Egas
(9)
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{
R−

eq,ce =
Rw

sRwCw+1 + Rd + Rp

E−
oc,ce = Ece

(10)

The Davening equivalent s-domain model for lithium-ion battery discharging and
charging is derived. It will be applicable for modeling in experimental validation.

3.2. Equivalent Modeling of Photovoltaic Power Plants

To represent the electrical behavior of a PV generator, we employ the widely used two-
diode equivalent circuit, which incorporates a series resistance Rs and a shunt resistance
Rp to account for internal ohmic and leakage losses [25]. The PV array consists of Ns

series-connected and Np parallel-connected identical submodules, yielding the equivalent
circuit depicted in Figure 5.

Figure 5. Two-Diode Equivalent Circuit for PV Arrays.

For the two-diode model, the current–voltage (I–U) relationship is inherently non-
linear and cannot be expressed in explicit form. Instead, it is governed by the following
implicit equation:

Iopv = Np

[
Ipv − Fpvl − Fpvr −

1
Rh

(
Uopv

Ns
+

IopvRs

Np

)]
, (11)

where

Fpvl = Is1

(
e

q
kTd

(
Uopv

Ns +
Iopv Rs

Np ) − 1
)

, (12)

Fpvr = Is2

(
e

q
AkTd

(
Uopv

Ns +
Iopv Rs

Np ) − 1
)

. (13)

where Is1 and Is2 represent the left and right diode array branch currents in Figure 5, re-
spectively, and Fpvl and Fpvr represent the series diode volt-ampere characteristic equations.
Ref. [26] proposes a correction method based on temperature and irradiance, so that the
photogenerated current source Ipv of the PV is determined by the irradiance SOL and the
temperature Td, which are related to each other as:

Ipv =
SOL

SOLre f

[
Ipvre f + CT

(
Td − Tre f

)]
. (14)

Finally, the actual output of the PVs goes through first-order filtering into the DC-DC
converter into the DC bus.

4. LSTM Method Design with Joint SC-GFC Control
4.1. The Working Principle of LSTM

In this work, an LSTM network is employed to predict the DC bus voltage (Udc), which
is critically linked to the power balance and the state of the energy storage device [27]. It is
worth noting that in this paper, the input to the LSTM is the historical time series of the DC
bus voltage Udc, and the output is the predicted value of Udc for one or more future time
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steps. LSTM, as a recurrent neural network variant specialized in processing time series
data, has good long-term memory and has potential applications in time series prediction.
The structure of an LSTM network consists of multiple storage cells, each containing three
main gating mechanisms: an input gate, a forgetting gate, and an output gate. Within each
memory cell, three gating units regulate the information flow: the input gate decides which
new information should be stored; the forget gate selectively discards outdated information
from the previous state; and the output gate determines which portion of the current cell
state is passed to the subsequent layer. The state update of the LSTM network is shown in
Figure 6.

Figure 6. State update method of LSTM.

In this paper, the input to the LSTM is the historical time series of the DC bus voltage,
and the output is a representation of short-term future trends (which, after weighting, serves
as a feedforward compensation signal). This design philosophy differs fundamentally from
traditional voltage prediction:

The goal of traditional prediction is to replace measured values with predicted values
in the control loop, which carries a high risk in practical engineering applications.

The objective of trend-aware control in this paper is to retain the feedback control
based on measured values while adding an additional feedforward channel. This allows
the SC to anticipate impending disturbance trends in advance, thereby enabling proactive
intervention before the voltage deviates significantly from the reference value.

Therefore, the LSTM output is not used directly as a control command but is instead
weighted and fused with the measured voltage value (see Section 4.3 for details), achieving
coordinated control through the integration of feedback and feedforward mechanisms.

1. Oblivion gate

The forgetting gate determines whether the state information of the previous moment
has been forgotten or not:
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ft = S ·
(

σf ·
[

ht−1 vt

]T
+ b f

)
(15)

where ft is the output of the forgetting gate; σf and bf are the weight and bias of the forgetting
gate, respectively; ht−1 and vt are the memorized information of the previous moment and
the input data of the current moment, respectively; S is the Sigmoid activation function.
It is worth noting that in this paper, the input to the LSTM is the historical time series of
the DC bus voltage Udc, and the output is the predicted value of Udc at one or more future
time steps.

2. Input Gate

Determines how the relevant information of the current input updates the memory cell:

it = S ·
(

σi ·
[

ht−1 vt

]T
+ bi

)
(16)

C̃t = tan h
(

σC ·
[

ht−1 vt

]T
+ bC

)
(17)

where it is the output of the input gate; is the candidate memory state; σi, σC, bi and bC are
the corresponding weights and biases.

3. Memory Unit Update

Update the current memory state:

Ct = ftCt−1 + itC̃t (18)

4. Output Gate

Determines the output of the memory cell:

ot = S ·
(

σo ·
[

ht−1 vt

]T
+ bo

)
(19)

ht = ot · tan h(Ct) (20)

where ot is the output of the output gate; σo and bo are the weight and bias of the oblivion
gate, respectively; and ht is the memory information of the current moment.

For the DC bus voltage prediction task, the input to the LSTM is a historical time
series of the DC bus voltage Udc. The input vector V = [v1, v2, . . ., vn]T is defined as n
consecutive sampling points of Udc. The target output vector Y = [y1, y2, . . ., yn]T represents
the predicted future values of Udc for the corresponding n time steps.

The LSTM network is trained to minimize the prediction error, with the Root Mean
Square Error (RMSE) serving as the loss function:

RMSE =
1
T

n

∑
t=1

(vt − yt)
2 (21)

The optimization method used for LSTM networks is usually the Adam optimization
algorithm with an update rule:

ξt+1 = ξt − η · mt√
dt + ε

(22)
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where ξt is the parameter at the current moment; η is the learning rate; mt and dt are the
gradient mean and variance; and ε is a very small constant that prevents the denominator
from being zero.

4.2. LSTM Based DC Bus Voltage Prediction

The flowchart for realizing LSTM-based DC bus voltage prediction is shown in Figure 7.
First, the original database needs to be established, which is constructed in this paper using
the data obtained from laboratory measurements. Subsequently, the LSTM model is trained
based on the DC bus voltage data in the original database. The model training process will
be described in detail in Section 5.1. After completing the model training, we will redefine
the inputs of the system as follows:

Figure 7. LSTM-based DC bus voltage prediction process.

Step 1: Continuous Sampling. Whether in an offline simulation, real-time simulation,
or physical experimental environment, continuous sampling collects Udc data at a preset
time step. Each time a new data point is collected, the historical data window is updated to
form the input sequence for the current time step.

Step 2: Trend Calculation. The input sequence is fed into the trained LSTM model, and
the output values are obtained through forward propagation. This output value reflects the
model’s prediction of the Udc trend over the next 5–20 sampling points.

Step 3: Weighted fusion. The trend value output by the LSTM is weighted with the
current measured Udc value according to preset weights w1 (measured weight) and w2

(trend weight), yielding a fused voltage signal that serves as the input reference for the SC
voltage inner loop. The basis for weight selection will be discussed in Section 4.4.

Step 4: Assign a time series. In this step, the data obtained from the prediction is
re-entered into the control link. In order to ensure the synchronization of system operation,
it is necessary to assign the corresponding time axis or time stamp to the output data
according to the time step of continuous sampling, so as to maintain the time consistency
between the data and system operation.
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https://doi.org/10.3390/electronics15173782


Electronics 2026, 15, 3782 12 of 23

4.3. Joint Control Strategy of SC-GFC

The joint SC-GFC control strategy enhances the conventional SC control by incorpo-
rating two additional signals derived from the GFC’s inertial response. In addition, the
result of LSTM is weighted with the collected value of energy storage output voltage and
incorporated into the voltage input of SC control. The structure of the control strategy is
shown in Figure 8.

Figure 8. Joint SC-GFC control strategy.

Notice in Figure 8 that the number of power inputs for the SC-GFC has increased from
two to four, meaning that both the theoretical and measured values of inertial power are
now included. We include the inertial power in the category of small signals, so the active
power small signal of (1) is:

∆Pv =
Im[Yl ]EvEp

|Yl |2
∆δ = M∆δ (23)

So, considering the action of the first order filter, the transfer function of the inertial
power is:

Ψ(s) =
M

ωre f s(Jvs + Dv)
(

s + ω f

)
+ Mω f

(24)

Define the excitation function:

α(t) =

P+
re f

∣∣∣
t=t0

− P−
re f

∣∣∣
t=t0

, t ∈ [t0 − ε, t0 + ε]

0 , others
(25)
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where t0 represents the moment of GFC response scheduling; the superscript “+” represents
the right limit and “−” represents the left limit. The theoretical value of inertial power
ψ(t)|Pre f can be obtained by converting Ψ(s) to the time-domain form ψ(t) and bringing
in α(t) as the excitation. Here, α(t) is defined as a unit step function representing the
step change in the active power reference Pref at the scheduling instant t0, i.e., α(t) = 0
for t < t0 and α(t) = 1 for t ≥ t0. The theoretical inertial power ψ(t)|Pre f is then obtained
by transforming the transfer function Ψ(s) in (24) to its time-domain impulse response
ψ(t), and subsequently convolving it with the excitation. This convolution yields the
time-domain inertial power waveform under a step change in Pref, which is used as the
theoretical reference in the joint control scheme.

4.4. Parameter Design Principles and Stability Considerations

The SC-GFC joint control strategy includes two key adjustable parameters: weights w1

and w2 (where w1 + w2 = 1), which represent the respective contribution ratios of measured
voltage feedback and LSTM trend feedforward to voltage control.

Parameter selection criteria: The values of w1 and w2 must strike a balance between
response speed and system stability.

Increasing w2 (i.e., increasing the feedforward weight) allows the SC to respond
more sensitively to voltage trend changes, enabling rapid intervention at the onset of
disturbances, which helps reduce voltage overshoot. However, an excessively large w2 will
amplify noise or prediction errors in the LSTM output, introducing unnecessary control
fluctuations and potentially leading to high-frequency oscillations.

Conversely, increasing w1 (i.e., increasing the feedback weight) makes the system more
reliant on measured values, resulting in a smoother control process, but with a relatively
slower response to disturbances.

From a control theory perspective, the proposed strategy can be viewed as adding
a feedforward compensation channel to the traditional dual-loop feedback control. The
trend signal from the LSTM output is essentially an advance estimate of disturbances.
Introducing it as a reference value into the voltage inner loop is equivalent to pre-adjusting
the duty cycle before the disturbance arrives, thereby enhancing the system’s disturbance
suppression capability. The introduction of the feedforward channel does not alter the pole
distribution of the closed-loop system, as the feedforward is not within the feedback loop
and thus does not reduce the system’s phase margin; however, it can effectively improve
the system’s response speed to specific disturbance patterns.

It should be noted that the optimal weighting coefficients may vary with operating
conditions, as the LSTM’s prediction accuracy and the required inertial power support
depend on the actual system state. Although this paper uses fixed weights to validate
the feasibility of the hybrid framework, a simple adaptive rule can be easily implemented
in actual deployment. For example, when the real-time LSTM prediction error within a
sliding window exceeds a preset threshold, the feedforward weight w2 can be reduced
to prevent unreliable trend information from being fed into the control loop; conversely,
when the measured DC bus voltage deviation increases rapidly, w2 can be increased to
enhance feedforward compensation and suppress overshoot. Systematic weight tuning
strategies based on Bayesian optimization or reinforcement learning represent promising
future research directions.

5. Experimental Validation
5.1. Training Process

We collected Udc data from a DC bus during steady state operation of battery charging
and discharging at the DC microgrid laboratory at Hebei University of Science and Tech-
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nology. The lab is equipped with a large Li-ion battery bank experimental equipment and
connected to a photovoltaic array located on the roof. Based on the collected data, we built
an LSTM network for predicting the future trend of Udc. The entire model training and
prediction process was conducted on a personal computer using MATLAB 2023b. The first
40% of the collected data samples corresponded to the discharged state of the battery, and
the second 60% of the data corresponded to the charged state of the battery. The model
validation uses the latter 20% of the data samples, which mainly cover the operating state
of the battery charging phase.

The LSTM training parameters are shown in Table 2. Based on the data of SC running
in charging mode, the RMSE and loss are shown in Figure 9.

Table 2. Training Parameters of LSTM.

Parameters Value

σi = σC = σf = σo 0.95
bi = bC = bf = bo 0

T 0.2 s
mt 1
dt 0
h 2

Figure 9. Training process of LSTM.

As shown in Figure 9, both the RMSE and the loss function converge and approach
zero, indicating a stable and effective model training process. There is no obvious difference
between the training results and the validation results, which fully verifies the high accuracy
and good generalization ability of the established LSTM model in the voltage prediction
task. In addition, the training results of the LSTM model also show consistent performance
with the above conclusions for both the data collected from the SC running in charging and
discharging modes, which further proves the robustness and reliability of the model under
different operating conditions. Therefore, the trained LSTM model is able to predict the
future voltage data of Udc more accurately.
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To provide a quantitative benchmark, the LSTM predictor was compared with
two simpler baseline methods: the second-order autoregressive (AR(2)) model and the
Kalman filter. The AR(2) model was fitted using the Yule-Walker method on the same train-
ing set, while the Kalman filter was implemented using a random walk state-space model,
with the noise statistics estimated from the training data. As shown in Table 3, the LSTM
achieved the lowest RMSE and MAPE on the test set, with reductions of approximately
1.24% compared to the AR(2) baseline and approximately 28% compared to the Kalman
filter. These results confirm that the LSTM’s ability to model nonlinear time series leads to a
significant improvement in accuracy compared to linear baselines, validating its suitability
as a feedforward predictor within the proposed hybrid control framework.

Table 3. Comparison of Baseline Methods on the Test Set.

Model RMSE (V) MAPE (%)

AR(2) baseline 3.4495 0.51%
Kalman filter 4.7737 0.65%

LSTM (proposed) 3.4066 0.35%

According to Table 3, under near-steady-state conditions, the improvement in RMSE
achieved by LSTM compared to the AR(2) baseline is relatively modest, which is in line
with expectations. This is expected, as the AR(2) model is inherently a linear predictor
that captures only the second-order temporal correlation, making it adequate for slowly
varying signals. In contrast, the LSTM is a nonlinear recurrent architecture with internal
memory states that can capture long-term dependencies and abrupt pattern changes. The
advantage of LSTM becomes particularly evident when the system experiences rapid
transients, strong disturbances, or non-stationary behavior—conditions under which linear
predictors inherently lag behind due to their limited structural flexibility.

5.2. Experimental Design

The hardware-in-the-loop (HIL) model we use is the NI PXIe-1071, a device manu-
factured by National Instruments (China) and distributed by Modeling Tech (Shanghai,
China). This device can simulate the main circuit topology required for this paper. We
built PVC, GFC and SC models in the main circuit of the HIL. The third-order dynamic
modeling of PV devices and energy storage devices is also built in the control loop, which is
realized by controlled sources. The photo of the experimental platform we used is shown in
Figure 10. The main circuit parameters are shown in Table 4; the control circuit parameters
are shown in Table 5, where Udc,ref is the DC bus reference voltage.

Figure 10. Photo of experimental platform.
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Table 4. Circuit Parameters.

Parameters Value Parameters Value

Lf 2 mH Cf 20 µF
Rf 0.5 Ω Udc,ref 750 V

Uref 380 V Cdc 4700 µF
1/Yl 0.82 + j0.454 Ω Rd 0.07 Ω
Rp 0.11 Ω Rgas 18.4 Ω
Rw 0.3 Ω Cw 22 nF
wref 100π rad/s

Table 5. Controller Parameters.

Parameters Value Parameters Value

Jv 1 kg·m2 Dv 100 W·rad/s
Kqu 0.1 V/Var wf 10π rad/s
kpp 0.5 kip 0.25
kpu 0.6 kiu 0.3
kpd 1 kid 20
kpi 0.6 kii 0.3
w1 0.8 w2 0.2

The main circuit simulation step of HIL is fixed to be 2 µs, and the sampling frequency
and control frequency are 10 kHz. In order to validate the method described in this paper,
we designed the following experiments:

1. Validation of SC-GFC joint control: The SC is operated in both charging and discharg-
ing modes, and the system’s power and frequency response are observed by adjusting
Pref and Qref.

2. Verify the hybrid driving effect of LSTM with the control system: we adjust the weights
w1 and w2, and observe the variation in the DC bus voltage at steady state.

During the experiment, the current limit of PVC follows the variation in Pref, while the
GFC is able to absorb reactive power from the grid side. During steady-state operation, the
GFC will always maintain network-forming control, and there will be no switching between
control modes during this period. The SC and PVC will always maintain constant-power
control, and the control structure will remain unchanged.

To verify the real-time feasibility of LSTM-enhanced control, the LSTM forward in-
ference time was measured on an NI PXIe-1071 platform. The average inference time per
prediction step was approximately 0.021 s, with the weight optimization and weighted
fusion update periods both maintained at a constant 1.0 s. Considering the pulse-width
modulation frequency and the typical control cycle tolerance for DC bus regulation, the
LSTM inference delay was well within an acceptable range. This confirms that the pro-
posed hybrid control can be executed in real time without compromising the system’s
dynamic response.

5.3. Joint Control Verification of SC-GFC

When the SC works in charging mode, Pce,ref is fixed at −2000 W; when the SC works
in discharging mode, Pce,ref is fixed at +2000 W. A step change in Pref from 5 kW to 10 kW is
applied, and the waveforms of Pv, Qv, Pce, Udc, ωv are observed. The control parameters in-
cluding LSTM weights are consistent with Table 3. For comparison, a benchmark case with
independently controlled converters (without the LSTM enhancement) is implemented,
which is switched to independent control by the joint control to make it run to stability.
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First in the discharge mode, we observe the operating effects of the SC-GFC joint control
and independent control, as shown in Figures 11 and 12.

Figure 11. Operational effects of SC-GFC joint control in discharge mode (Qref = 0 kVar).

Figure 12. Operation effect of independent control in discharge mode (Qref = 0 kVar).

An examination of the results in Figures 11 and 12 reveals that, when using SC-
GFC combined control, the active power and frequency of the GFC converge, and the
SC responds perfectly to the GFC’s inertial power. However, under independent control,
adjustments to the active power reference not only fail to converge but also generate signif-
icant low-frequency oscillations. In these figures, the operating modes are clearly labeled:
the GFC is in grid-forming mode, while the SC is in constant-power charge–discharge
mode. To facilitate quantitative comparison on a compressed scale, key transient peaks are
directly labeled on the waveforms. The low-frequency oscillations observed under indepen-
dent control are consistent with the instability mechanism reported in the literature [6–8],
namely, a lack of dynamic power coordination between the DC power source and the GFC,
leading to persistent oscillations in the power-phase angle. This confirms that a fixed-power
SC inherently lacks the ability to meet the GFC’s inertial power demand.

To verify the inertial power transfer function Ψ(s) derived in Equation (24), we com-
pared the theoretical step response of this function with the inertial power measured from
the SC during the Pref step transient (5 kW → 10 kW). The theoretical response was ob-
tained by applying the inverse Laplace transform to Ψ(s) under the same step excitation.
As shown in Table 6, the steady-state error between the theoretical value and the measured
inertial power is within 5%, and the settling time deviation is less than 0.5 s. This high
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degree of agreement confirms that the derived transfer function accurately captures the
dynamic characteristics of the GFC system’s inertial power.

Table 6. Comparison of Inertial Power.

Metric Theoretical
(Ψ(s))

Measured
(HIL)

Steady-state inertial power 0.9703 W 0.9658 W
Settling time (to 5% band) 3.344 s 3.6 s

Peak overshoot 562 W 574 W

The slight deviation between the theoretical value and the measured steady-state
value stems from differences in the types and precision of the solvers used in the transfer
function simulation and the HIL platform. The transfer function simulation employed a
continuous-domain solver, while the HIL platform used a discrete fixed-step solver, which
introduced minor quantization and discretization errors. However, the overall error was
within 5%, confirming the validity of the derived transfer function.

Again in SC discharge mode, we adjust Qref from 0 kVar to 5 kVar and observe the
system changes as shown in Figures 13 and 14.

Figure 13. Operational effects of SC-GFC joint control in discharge mode (Qref = 5 kVar).

Figure 14. Operation effect of independent control in discharge mode (Qref = 5 kVar).

We can observe that when adjusting the reactive power reference value, the transient
fluctuations under independent control are significantly higher than those under SC-GFC
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joint control. In Figure 14, CH1 exceeds the original evaluation range due to severe
fluctuations. To clearly illustrate the actual transient behavior, the true peak values reached
during the instability period are directly labeled in the figure. This saturation/out-of-range
phenomenon intuitively demonstrates that independent control enters a deep instability
region under a reactive power step. In contrast, the proposed SC-GFC joint control remains
within the stable operating range at all times. In the control group, it can be observed that
when the reactive power is altered, the GFC operating mode shifts from the first quadrant
to the fourth quadrant, indicating that the GFC begins to draw reactive power from the
grid to maintain the stability of the DC bus voltage. The SC-GFC joint control, however,
does not face this issue; the DC bus voltage remains stable even during the inertial active
power response.

If the SC is in charging condition, we make Pref step from the steady state of 10 kW to
5 kW, and observe the waveforms of Pv, Qv, Pce, Udc and ωv as Figures 15 and 16. We are
also able to get the same conclusion in the discharge mode.

Figure 15. Operation effect of SC-GFC joint control in charging mode.

Figure 16. Operation effect of independent control in charging mode.

Similarly, in charging mode, we arrive at the same conclusions as in discharging
mode. The independent control once again exhibits severe transient fluctuations, while the
proposed joint control is able to maintain stable operation. The transient peaks of some of
the curves are labeled in the figure to facilitate quantitative comparison.

Therefore, the proposed joint SC-GFC control is essential for achieving stable grid-
forming operation in hybrid PV-energy storage systems.
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5.4. Verification of Hybrid Driving of LSTM with Control Link

To verify the hybrid driving effect of the LSTM integrated with the control system,
the weights w1 and w2 are adjusted, and the resulting changes in the DC bus voltage are
observed. the SC maintains the charging mode of −2000 W, and both Pref and Qref are fixed
at 10 kW and 5 kVar. We intercept the DC bus voltage waveforms for 3 s at a sampling
frequency of 0.1 kHz, and include the training dataset into it as well. The distribution of
the collected values of the DC bus voltage is shown in Figure 17.

Figure 17. DC bus voltage of the SC under different weights.

To isolate the contribution of the LSTM feedforward path, the baseline case—which
does not include the LSTM—is represented by the weight settings (w1 = 1, w2 = 0). This
simplifies the proposed hybrid control to pure feedback control (i.e., using only the mea-
sured Udc in the SC voltage loop). This baseline case employs the same experimental
conditions, SC-GFC joint control architecture, and PI parameters as the proposed method,
thereby ensuring a fair comparison. As shown in Figure 17, the center of the Udc distri-
bution under the baseline case (w1 = 1) lies above 600 V and exhibits greater dispersion,
indicating a larger steady-state deviation. In contrast, when LSTM feedforward with ap-
propriate weights is enabled (e.g., w1 = w2 = 0.5), the voltage distribution shifts below
600 V and becomes more concentrated. This direct comparison confirms that the LSTM
feedforward path—rather than the joint control architecture alone—is the key factor in
improving steady-state performance.

In summary, the proposed physics-data fusion framework, combining the LSTM-based
feedforward with the physical joint-control law, has been validated through the above ex-
perimental results, demonstrating its effectiveness in improving steady-state performance.

5.5. Explanation of Operating Power and Robustness Against Real-World Disturbances

(1) Remark on operating power levels

The experiments in this section are conducted at representative power levels (5 kW →
10 kW and 10 kW → 5 kW), which cover both upward and downward step changes around
the typical operating point. The proposed joint control strategy is structurally independent
of the absolute power level: the GFC inertial power demand is linearly proportional to the
frequency deviation and is fed back to the SC power reference regardless of the steady-state
power level. Therefore, the dynamic coordination mechanism remains effective across a
wide range of operating conditions. While additional tests at 25% and 75% rated power
would provide further quantitative evidence, the current results at two distinct power levels
(covering the most critical transient scenario) sufficiently demonstrate the effectiveness
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of the proposed scheme. A systematic sweep across multiple power levels is planned for
future experimental work.

(2) Remark on robustness to realistic disturbances

The proposed method is designed to address the fundamental issue of dynamic power
mismatch between the GFC and the source-side SC, rather than to track specific external
disturbances such as PV irradiance fluctuations. The LSTM feedforward path extracts
voltage trends from the DC bus itself, which inherently reflects the cumulative effect of
all disturbances (including PV variations and load changes). Therefore, as long as the DC
bus voltage contains the dynamic signature of the disturbance, the LSTM can provide an
effective feedforward compensation. Regarding SOC variations, the SC’s dynamic response
capability is reflected in its voltage-current characteristics, which are captured by the
measured DC bus voltage and the power loop feedback. The proposed joint control does
not require explicit SOC information; it relies on the physical response of the system, making
it inherently robust to SOC changes within the normal operating range. A comprehensive
experimental evaluation under time-varying PV profiles and extreme SOC conditions is
deferred to future work, as the present study focuses on the core validation of the joint
control framework.

6. Conclusions
Through theoretical analysis and hardware-in-the-loop experiments, the following

key findings are obtained:

• Joint SC-GFC control is essential for damping power oscillations. Under the same
Pref step transient, the independent fixed-power SC control exhibits sustained low-
frequency oscillations, whereas the proposed joint control achieves rapid convergence
and stable power tracking. This confirms that feeding the GFC’s inertial power
demand back to the SC reference is a necessary condition for stable grid-forming
operation in PV-storage systems.

• The LSTM feedforward path provides measurable steady-state improvement over
pure feedback. By comparing the weight settings w1 = 1, w2 = 0 (no LSTM) and
w1 = w2 = 0.5 (with LSTM), the DC bus voltage distribution becomes more concen-
trated and shifts closer to the reference value when the LSTM feedforward is activated.
This demonstrates that the trend-aware prediction effectively reduces steady-state
deviations without relying on external communication.

• The hybrid physical-data-driven framework offers a practical, communication-free
solution. The integration of the physical joint-control law with the LSTM-based
feedforward compensation is validated under both charging and discharging modes.
The framework achieves a trade-off between dynamic response and steady-state
accuracy through the adjustable weighting scheme, while avoiding the latency and
reliability issues associated with communication-dependent data-driven methods.

Limitations regarding adaptive weight tuning under varying operating conditions and
experimental validation under extreme SOC or irradiance fluctuations are acknowledged
as future work.
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