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The problem of non-ideal inertia of the photovoltaic energy storage system
(PVESS) may occur due to unreasonable voltage control parameters. In
response to this issue, this paper establishes an equivalent reduced-order
model (EROM) for PVESS. This EROM considers the current control loop,
voltage control loop and the virtual inertia control loop based on low-pass
filter. This low-pass filter can effectively enhance the system’s virtual inertia.
Since the output impedance of this EROM can visually reflect the external
characteristics of the virtual inertia control loop, it is suitable for inertia analysis
of PVESS. Furthermore, the impact of voltage control parameters and low-pass
filter bandwidth on the system’s inertia is discussed from the perspective of the
frequency response of the output impedance. Finally, the switch model of the
PVESS is built on the RT-BOX hardware-in-the-loop experimental platform. The
validity of the EROM and theoretical analysis is verified by several sets of
experimental results.
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1 Introduction

With the rapid growth of photovoltaic power generation systems (Chang et al., 2017;
Hatziargyriou et al., 2020), DC-based photovoltaic energy storage systems have attracted
widespread attention (Dragičević et al., 2016; Dragičević et al., 2016). Both photovoltaics and
energy storage need to be connected to the DC bus through power electronic converters (Li
et al., 2022; Seane et al., 2022; Li et al., 2023). It’s worth noting that power electronic
converters are the main reason for the low inertia of the photovoltaic energy storage system
(PVESS). Unfortunately, low inertia can jeopardize the stable operation of the PVESS.
Therefore, one of the main challenges currently faced is how to enhance the inertia of the
PVESS.

Indeed, the full-order model can be utilized for analyzing system’s inertia. However, the
expressions of the full-order model are relatively complex. As a result, the reduced-order
model of PVESSs has gained increasing popularity among researchers (Huang et al., 2018).
With the premise that the response speed of the virtual inertia control loops is significantly
slower than that voltage and current control loops, the source converter is simplified as an
ideal DC voltage source, as presented in literature (Tu et al., 2023). Building upon this, the
inertia of the DC microgrid is analyzed through the established reduced-order model.
However, in certain scenarios, the experimental results obtained from the switching model
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do not match the theoretical analysis conclusions derived from the
reduced-order model. This is primarily attributed to the fact that the
power converter is not a true ideal DC voltage source. Under the
condition where the current loop control bandwidth is much faster
than the voltage loop control bandwidth, a reduced-order circuit
model for analyzing low-frequency oscillation issues in DC systems
was developed in literature (Li et al., 2021). But, the accuracy and
applicability of the reduced-order model is also relatively limited.
Therefore, how to build a reduced-order model without neglecting
the control parameters deserves in-depth study (Sun et al., 2022; Sun
et al., 2022).

If the equivalent reduced-order model of the photovoltaic
energy storage system has been established, the next step is to
evaluate the system’s virtual inertia based on this model.
Analytical methods such as state-space matrices (Deng et al.,
2022; Deng et al., 2022) and transfer functions (Wu et al., 2017;
You et al., 2022; Zhu et al., 2023) are commonly used theoretical
foundations for studying inertia issues in PVESSs. Based on the
established state-space model of the networked AC/DC microgrids,
it was found in literature (Zhang et al., 2021) that inappropriate
control parameters can lead to negative damping factors of the
eigenvalues. For low-voltage DC systems with multiple energy
storage converters, the system’s zero-poles are obtained using the
transfer function model established in literature (Lin et al., 2021).
Furthermore, both the system’s inertia and damping characteristics
have been effectively improved through the proposed virtual inertia
and damping control method. In fact, eigenvalues and zero-poles are
more suitable for assessing small-signal stability of a system, but they
are not appropriate for evaluating system’s inertia. To the best of the
author’s knowledge, output impedance is a more suitable method for
assessing system-level inertia. However, research in this area is
largely lacking. Therefore, further research is needed on how to
utilize the output impedance of this reduced-order model to evaluate
the system’s inertia.

The virtual inertia controller not only enhances the system’s
inertia but also improves the small-signal stability of the system. A
low-pass filter-based virtual inertia control method is proposed in
literature (Guo et al., 2017). This method effectively suppresses the
oscillation peak in the output impedance of the energy storage
converter at high-frequencies, thereby enhancing the small signal
stability of the PVESS. In fact, the damping of the PVESS at specific
oscillation frequencies can indeed be improved through appropriate
virtual inertia control parameters. However, stability issues of the
PVESS can also occur due to inappropriate virtual inertia control
parameters (Mohamad et al., 2018). In literature (Tu et al., 2023), the
influence of virtual inertia parameters on the small-signal stability of
DC systems is investigated. However, the above-mentioned study
was conducted under the assumption that voltage control
parameters can be neglected. Moreover, the aforementioned
literatures do not provide a suitable solution on how to solve the
non-ideal inertia problem encountered by the PVESS. In order to
address the issue of non-ideal inertia in DC microgrids, an inertia
feedforward control method was proposed in literature (Zhu et al.,
2020). However, this method would result in a more complex
controller. Additionally, it would further burden the coordination
pressure of control parameters among different control loops,
making it less conductive to practical engineering applications.
Therefore, for the non-ideal inertia problem caused by

unreasonable control parameters, it will be more practical to
design reasonable control parameters from the perspective of
system-level inertia.

FIGURE 1
Flowchart for virtual inertia estimation of photovoltaic energy
storage systems.

FIGURE 2
Topology of a typical PVESS.
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Considering the aforementioned issues, this paper will
conduct research on the inertia of PVESSs based on the
EROM. In this paper, the flowchart for virtual inertia
estimation of the photovoltaic energy storage system is given
as shown in Figure 1.

The rest of the paper is organized as follows. The issue of non-
ideal inertia in PVESSs is introduced in Section 2. In Section 3, the
EROM of the PVESS is established. The virtual inertia evaluation
from the perspective of the output impedance of the EROM is
presented by Section 4. Theoretical analysis and experimental
validation are carried out in Sections 5, 6, respectively. Section 7
concludes.

2 Non-ideal inertial issues for
photovoltaic energy storage system

The research objective of this paper is to study the non-ideal
inertia of the photovoltaic energy storage system (PVESS), as
depicted in Figure 2.

If the DC-AC converter and photovoltaic converter in Figure 2
are replaced with ideal current sources, Figure 2 can be simplified to
the form shown in Figure 3.Without loss of generality, the simplified
PVESS in Figure 3 consists of x battery storage converters (BSCs).
Clearly, the order of this simplified photovoltaic energy storage
system model is 5x + 1.

Where Rsy is the filter resistor of the yth BSC (y = 1,2,. . .,x),
Lsy is the filter inductor of the yth BSC, Csy is the filter capacitor of
the yth BSC, Dsy is the duty factor of the yth BSC, Usy is the input
voltage of the yth BSC, Isy is the filter inductor current of the yth
BSC, Uoy is the output voltage of the yth BSC, Ioy is the output
current of the yth BSC, ICsy is the filter capacitor current of the yth
BSC, Iry is the filter inductor current reference of the yth BSC, Kpiy

is the proportional coefficient of the yth current controller, Kiiy is
the integral coefficient of the yth current controller, Kpuy is the
proportional coefficient of the yth voltage controller, Kiuy is the
integral coefficient of the yth voltage controller, Urefy is the
voltage reference of the yth BSC, Kdy is the droop coefficient
of the yth droop controller, Uny is the rated voltage of the yth BSC,
Ucy is the output signal of the yth droop controller, ωcomy is the
low-pass filter bandwidth of the yth BSC, Ccpl is the input filter

capacitor of the constant power load, Icpl is the input current of
the constant power load, Pcpl is the power of the constant power
load, U is the DC bus voltage, d is the differential operator, t is
the time.

There are two application methods to enhance inertia in
PVESSs, and their control structure are shown in Figure 4. In
fact, these two control methods can be mutually converted
(Samanta et al., 2018; Neto et al., 2020). Details are provided in
Eq. 1. Therefore, the research work with Figure 3 will continue to be
carried out by this paper.

Where Ccomy is the virtual capacitor of the yth BSC, Dy is the
damping gain of the yth BSC.

Kdx � 1
Dx

ωcomx � Dx

Ccomx

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (1)

Taking a typical PVESS consisting of two BSCs as an example,
the switch model of the system is constructed using the RT-BOX
hardware-in-the-loop experimental platform, as shown in
Figure 5. It is assumed that all BSCs are produced by the same
manufacture, and their circuit parameters and control
parameters are the same. The system parameters are show in
Table 1.

At 0.8 s, the power of constant power load step from 0.7 to
1.4 kW. The experimental result of the DC bus voltage of this
system is shown in Figure 6. From Figure 6, it can be observed that
the time-domain results of the DC bus voltage demonstrate a
dynamic process characteristic of non-ideal inertia. Moreover, a
second-order oscillatory characteristic with an oscillation
frequency of approximately 10.7 Hz emerges during this
dynamic process.

3 Reduced-order modeling of the
photovoltaic energy storage system

To address the non-ideal inertia issue encountered by the
PVESS, a equivalent reduced-order model (EROM) will be
established in this paper. The topology and control block
diagram of the EROM are shown in Figure 7.

FIGURE 3
Topology and control block diagram of the simplified PVESS.
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Where Re is the filter resistor of the EROM, Le is the filter
inductor of the EROM, Cs is the filter capacitor of the EROM, De is
the duty factor of the EROM, Us is the input voltage of the EROM, Is
is the filter inductor current of the EROM,Uo is the output voltage of
the EROM, Io is the output current of the EROM, ICs is the filter
capacitor current of the EROM, Ir is the filter inductor current
reference of the EROM, Kpi is the proportional coefficient of the
equivalent current controller, Kii is the integral coefficient of the
equivalent current controller, Kpu is the proportional coefficient of
the equivalent voltage controller, Kiu is the integral coefficient of the
equivalent voltage controller, Kd is the droop coefficient of the
EROM, ωcom is the low-pass filter bandwidth of the EROM.

3.1 Reduced-order model considering the
coupling between filter circuits

At the beginning of the modeling, the effect of the control loops
is not considered. In other words, the duty factor of each BSC is a
rated constant. Then, the state equation of the PVESS can be
written as

∑x
y�1

Csy( ) + Ccpl

⎧⎨⎩ ⎫⎬⎭ dU

dt
� ∑x

y�1
1 −Dsy( )Isy{ } − Pcpl

U

Usy � RsyIsy + Lsy
dIsy
dt

+ 1 −Dsy( )U ∀y � 1, 2, ..., x

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(2)

In the PVESS, it can be assumed that the open-loop transfer
function from the duty factor Dsy of the yth BSC to the DC bus
voltage U is denoted as Gudy(s). By linearizing Eq. 2, we can obtain

the expression for the open-loop transfer function Gudy(s), as shown
below.

Gudy s( ) �
1 −Dsy0( ) U0hy( ) − 1∑x

y�1
1

Rsy( ) + 1∑x
y�1

1
Lsy( ) s⎛⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎠ Pcpl U0hy( )

U2
0 1−Dsy0( )

Ccpl + ∑x
y�1

Csy( ){ }s − Pcpl

U2
0

( ) 1∑x
y�1

1
Rsy
( ) + 1∑x

y�1
1

Lsy
( ) s⎛⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎠ + 1 −Dsy0( )2

(3)

Where the subscript “0” indicates the steady-state value, hy is the
current-averaging factor of the yth BSC, and there exists ∑hy = 1.

Now, assuming Ce and Rcpl as the equivalent filter capacitor
and equivalent resistor respectively. Since each BSC is produced
by the same manufacture, the following equation can be
obtained.

1
Re

� ∑x
y�1

1
Rsy

( )
1
Le

� ∑x
y�1

1
Lsy

( )

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

Ce � Ccpl + ∑x
y�1

Csy( )

Rcpl � U2
0

Pcpl

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
(4)

Also, since the duty factor Dsy of the yth BSC is equal to the duty
factorDs(y+1) of the (y + 1)th BSC. If not specifically stated,De will be
used uniformly instead of the duty factor of each BSC. Because of the
existence of Eqs 3, 4 can be written in the form of Eq. 5.

Gudy s( ) �
1 −De0( ) − Re+Les( )

Rcpl 1−De0( ){ } U0hy( )
Ces − 1

Rcpl
( ) Re + Les( ) + 1 −De0( )2

(5)

Since the BSCs in the PVESS are interconnected in parallel, the
DC bus voltage is by all BSCs. From the perspective of reduced-order

FIGURE 4
Two applicationmethods to enhance inertia in PVESS. (A) Themethod of low-pass filter approach. (B) Themethod of virtual synchronous generator.

FIGURE 5
RT-BOX hardware-in-the-loop experimental platform.

FIGURE 6
Time-domain experimental results of the PVESS.
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modeling, it is necessary to aggregate the transfer functions Gudy(s)
of all BSCs to obtain the system-level transfer function Gudsys(s),
which can be expressed as follows:

Gudsys s( ) � ∑x
y�1

Gudy s( ){ } (6)

3.2 Reduced-order model considering the
coupling between control loops

Assuming that a EROM can be established for the PVESS, the
following equation holds:

Isy � Ishy
Iry � Irhy
Ioy � Iohy

⎧⎪⎨⎪⎩ (7)

For the yth BSC, considering the current control parameters, the
expression for the duty factor can be written as follows:

Dsy � Kpiy + Kiiy

s
( )
× Kpuy + Kiuy

s
( ) Urefy −KdyIoy

ωcomy

s + ωcomy
− U( ) − Isy{ }

(8)
By linearizing Eq. 2 and Eqs 6–8 separately and combing the

resulting linearized equations, the system-level voltage closed-loop
transfer function Guiucomsys(s) can be obtained as follows:

Guiucomsys s( ) �

∑x
y�1

1 −Deo( )hyU0

Re + Les( ) − U0hy
Rcpl 1 −Deo( )( ) Kpuy + Kiuy

s
( ) Kpiy + Kiiy

s
( )

1 + Kpiy + Kiiy

s
( ) hyU0

Re + Les( ){ }
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭

Ces − 1
Rcpl

( ) + 1 −Deo( )2
Re + Les( ) + ∑x

y�1

U0hy
Rcpl 1 −Deo( )−

1 −Deo( )hyU0

Re + Les( )

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

Kdy
ωcomy

s + ωcomy

hy
Rcpl

− 1( ) Kpuy + Kiuy

s
( )

+hy 1 −Deo( )
Re + Les( )

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ Kpiy + Kiiy

s
( )

1 + Kpiy + Kiiy

s
( ) hyU0

Re + Les( ){ }

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(9)

The expression for the voltage closed-loop transfer function
Guiucomeq(s) in the EROM is given as follows:

Guiucomeq s( ) �
1 −Deo( )U0

Re + Les( ) − U0

Rcpl 1 −Deo( )( ) Kpu + Kiu

s
( ) Kpi + Kii

s
( )

Ces − 1
Rcpl

( ) + 1 −Deo( )2
Re + Les( ){ } 1 + Kpi + Kii

s
( ) U0

Re + Les( ){ }
+ U0

Rcpl 1 −Deo( ) −
1 −Deo( )U0

Re + Les( )( ) Kd
ωcom

s + ωcom

1
Rcpl

− 1( ) Kpu + Kiu

s
( ) + 1 −Deo( )

Re + Les( ){ } Kpi + Kii

s
( )

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(10)

It can be observed that the mathematical expressions in Eqs 9, 10
are identical. Therefore, mathematical analytical expressions can be
established for the voltage control parameters between each BSCs
and the EROM, as shown below.

Kpi � ∑x
y�1

Kpiyh2y( )
Kii � ∑x

y�1
Kiiyh2y( )

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(11)

FIGURE 7
Topology and control block diagram of the EROM.

TABLE 1 Parameters of PVESS.

Device Parameters Value

Battery storage converter Output voltage 200 V

Input voltage 100 V

Filter inductor/filter resistor 2mH/0.04 Ω

Switching frequency 10 kHz

Filter capacitor 2200 μF

Droop coefficient 0.52

Low-pass filter bandwidth 5 rad/s

Voltage proportional and integral coefficients 0.5/70

Current proportional and integral coefficients 0.02/40

Constant power load Input filter capacitor 2200 μF
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Kpu � ∑x
y�1

Kpuy( )
Kiu � ∑x

y�1
Kiuy( )

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(12)

1
Kd

ωcom

s + ωcom
� ∑x

y�1

1
Kdy

( ) ωcomy

s + ωcomy
{ } (13)

The correctness of the equations will be verified through
frequency sweep measurements (Feng et al., 2022). The specific
schematic of the measurement is shown in Figure 8.

As shown in Figure 9, the frequency response curve of the
measured results is essentially consistent with the derived transfer
function Guiucomsys(s) over a wide frequency range (e.g., 1 Hz to
1 kHz).

Similarly, this EROM is built on the RT-BOX hardware-in-
the-loop experimental platform. Under the same load
disturbance conditions, the time-domain results of the EROM
are shown in Figure 9. As depicted in Figure 10, the time-domain
responses of the PVESS and its EROM are largely consistent. This
outcome validates the accuracy of the proposed EROM in this
study.

4 Virtual inertia estimation based on
output impedance

In the existing studies, the small signal stability of a PVESS can
be judged through zero-poles or eigenvalues. However, these
methods may not provide an intuitive evaluation of the inertia
characteristics of the PVESS. Therefore, in this paper, the system-
level inertia will be evaluated in terms of the output impedance
frequency-domain response of the EROM. The mathematical
equation for the output impedance Zout(s) of the EROM can be
written as

Zout s( ) �
Kd

ωcom
s+ωcom

( ) 1−Deo( )U0
Re+Le s( ) − U0

Rcpl 1−Deo( )( ) Kpu + Kiu
s( ) Kpi + Kii

s( )
Ces − 1

Rcpl
( ) + 1 −Deo( )2

Re + Les( ){ } 1 + Kpi + Kii

s
( ) U0

Re + Les( ){ }
+ U0

Rcpl 1 −Deo( ) −
1 −Deo( )U0

Re + Les( )( ) 1 −Deo( )
Re + Les( ) − Kpu + Kiu

s
( ){ } Kpi + Kii

s
( )

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
(14)

In order to verify the correctness of Eq. 14, it will be verified by
the frequency sweep measurement shown in Figure 11.

The theoretical frequency response curves and measurements of
the output impedance Zout(s) are given by Figure 12. As can be seen
from Figure 12, the validity of the theoretical response curve is
verified by the measurement results over a wide frequency range
(e.g., 1 Hz to 1 kHz).

The time scale of the virtual inertia characteristics of the
photovoltaic energy storage system is typically in the order of
seconds, falling within the low-frequency range, such as around
1 Hz. Therefore, this paper evaluates the virtual inertia of the

FIGURE 8
Schematic diagram of transfer function Guiucomsys(s) measurement.

FIGURE 9
Bode diagram of transfer function Guiucomsys(s).

FIGURE 10
Time-domain experimental results of the EROM.
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photovoltaic energy storage system based on the magnitude-
frequency curve of the output impedance in the low-frequency
range. As shown in Figure 12, an LC oscillation loop at a
frequency of 11 Hz can be observed from the magnitude
curve of the output impedance. This implies that a low-
frequency oscillation can be observed in the time-domain
response of the DC bus voltage.

The zero-pole diagram of the output impedance is also
provided, as shown in Figure 13. All the zero-poles of the
output impedance are given by Figure 13A. In addition, the
distribution of the zero-poles within the dashed box in
Figure 13A is provided by Figure 13B. According to Figure 13,
it can be observed that the oscillation frequency of the conjugate
poles is approximately 11.5 Hz, which closely aligns with the
experimental results shown in Figure 11. Based on this, it can
be inferred that the zero-poles are better suited for assessing the
oscillation frequency characteristics of the system rather than the
virtual inertia.

As mentioned above, this paper will proceed to evaluate the
system’s virtual inertia based on the magnitude-frequency curve of
the output impedance in the low-frequency range.

5 Theoretical analysis

5.1 The impact of voltage control
parameters on system-level inertia

(1) The impact of voltage proportional coefficients on system-level
inertia

The bode diagram of output impedance for voltage proportional
coefficients of 0.5, 1.5, 11.5 and 31.5 is shown in Figure 14. As the
voltage proportional coefficient increases from 0.5 to 31.5, the
magnitude curve of the output impedance exhibits virtual inertia
characteristics in the low-frequency range.

The zero-poles diagram of output impedance for voltage
proportional coefficients of 0.5, 1.5, 11.5 and 31.5 is shown in
Figure 15. According to Figure 15, the zero-pole diagram does
not directly reflect the response characteristics of the output
impedance in the low-frequency range. Further, the zero-pole

FIGURE 11
Schematic diagram of output impedance Zout(s) measurement.

FIGURE 12
Bode diagram of the output impedance Zout(s). FIGURE 13

Zero-pole diagram of the output impedance Zout(s). (A) All zero-
poles. (B) Zero-poles of the partial zoomed view.
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diagram is difficult to be used to evaluate the virtual inertia of the
system.

Based on the above theoretical analysis, it can be inferred that smaller
voltage proportional coefficients may lead to the occurrence of non-ideal
inertia issues in the PVESS. It is worth noting that as the voltage
proportional coefficient increases, the system may transition from non-
ideal inertia to ideal inertia. In other words, the voltage proportional
coefficient has a significant impact on the inertia of the PVESS.

(2) The impact of voltage integral coefficients on system-level
inertia

The bode diagram of output impedance for voltage integral
coefficients of 7, 70, 170 and 270 is shown in Figure 16. As the
voltage integral coefficient increases, the magnitude of the output
impedance in the low-frequency range remains almost unchanged.
This indicates that the variation in virtual inertia is not very
significant.

The zero-poles diagram of output impedance for voltage integral
coefficients of 7, 70, 170 and 270 is shown in Figure 17. For
convenience, the zero-pole diagram in Figure 17 are all for the
low-frequency time-scale range.

5.2 The impact of low-pass filter bandwidth
on system-level inertia

The bode diagram of output impedance for low-pass filter
bandwidths of 0.5, 1, 2 and 5 rad/s is shown in Figure 18. As
observed from Figure 18, it is evident that with the decrease in
the low-filter bandwidth, the magnitude of the output impedance in

FIGURE 14
Bode diagram of output impedance for different voltage
proportional coefficients.

FIGURE 15
Zero-pole diagram of output impedance for different voltage
proportional coefficients. (A) Kpu = 1.5. (B) Kpu = 11.5. (C) Kpu = 31.5.

FIGURE 16
Bode diagram of output impedance for different voltage integral
coefficients.

FIGURE 17
Zero-pole diagram of output impedance for different voltage
integral coefficients.
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the low-frequency range gradually reduces. This indicates that the
inertia of PVESS is gradually increasing.

The zero-poles diagram of output impedance for low-pass filter
bandwidths of 0.5, 1, 2 and 5 rad/s is shown in Figure 19. Consistent
with Figure 17, the zero-pole diagram in Figure 19 are also all for the
low-frequency time-scale range.

6 Experimental validation

6.1 The impact of voltage control
parameters on system-level inertia

(1) The impact of voltage proportional coefficients on system-level
inertia

At 20 s, the constant power load steps up from 0.7 to 1.4 kW.
Under this load disturbance condition, the time-domain
experimental results for different voltage proportional coefficients
of 0.5, 1.5, 11 and 31 are shown in Figure 20. The experimental
oscillation frequency of 10.7 Hz closely corresponds to the
theoretical analysis results of 11.7 Hz presented in Figure 13.
thereby validating the accuracy of the theoretical analysis.
However, the voltage proportional coefficient is set to 31, the
simulated results of the DC bus voltage exhibit ideal inertia

characteristics. Furthermore, the dynamic process is relatively
slow. The experimental results in Figure 20 validate the
effectiveness of the theoretical analysis.

(2) The impact of voltage integral coefficients on system-level
inertia

Under the same load disturbance conditions, the time-domain
experimental results for voltage integral coefficients of 7, 70, 170 and
270 are shown in Figure 21. The experimental results provided by
Figure 21 indicate that, with the increase of the voltage integral
coefficient, there is almost no change in the dynamic behavior of the
DC bus voltage. Therefore, in comparison to the voltage gain
coefficient, the influence of the voltage integral coefficient on the
system-level inertia can be disregarded.

FIGURE 18
Bode diagram of output impedance for different low-pass filter
bandwidths.

FIGURE 19
Zero-pole diagram of output impedance for different low-pass
filter bandwidths.

FIGURE 20
Time-domain experimental results for different voltage
proportional coefficients. (A) Time-domain experimental results of the
PVESS. (B) Time-domain experimental results of the EROM.

FIGURE 21
Time-domain experimental results for different voltage integral
coefficients. (A) Time-domain experimental results of the PVESS. (B)
Time-domain experimental results of the EROM.
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6.2 The impact of low-pass filter bandwidth
on system-level inertia

Under the same load disturbance conditions, i.e., a constant
power load increasing from 0.7 to 1.4 kW. The experimental results
for different low-pass filter bandwidths of 0.5, 1, 2 and 5 rad/s are
shown in Figure 22. As shown in Figure 22, it can be observed that
with the decrease in the bandwidth of the low-pass filter, the
dynamic process of the DC bus voltage becomes slower. This
implies that the inertia of the PVESS is gradually becoming
stronger. This validates the accuracy of the theoretical analysis.

7 Conclusion

In this paper, an equivalent reduced-order model (EROM) for
inertia analysis of photovoltaic energy storage system is developed.
With the output impedance of the EROM, the effect of the voltage
control parameters and the bandwidth of the low-pass filter on the
inertia of the system is directly evaluated. The direct cause of non-ideal
inertia in time-domain experimental results is the presence of an LC
oscillation loop in the low-frequency range of the output impedance.
However, the fundamental reason behind this phenomenon is the use
of a relatively small voltage proportional coefficient. With the increase
of the voltage proportional coefficient, the output impedance exhibits
virtual capacitance characteristics in the low-frequency range. In this
scenario, the dynamic processes of the time-domain experimental
results also exhibit ideal inertia characteristics. Compared to the
voltage proportional coefficient, the system’s inertia is nearly
unaffected by the voltage integral coefficient. Building upon this
voltage control parameters, as the bandwidth of the low-pass filter
is reduced, the magnitude of the output impedance decreases in the
low-frequency range. Simultaneously, the dynamic process of the time-
domain experimental results becomes slower, indicating that the
system’s inertia is being enhanced.

In some photovoltaic energy storage systems, the battery
storage converters need to be connected to the common DC
bus via their respective DC lines. In this scenario, the selection
range of the low-pass filter bandwidth will be limited by the DC
line. However, the DC lines are not considered by the equivalent
reduced-order model constructed in this paper. In the future, the
effect of DC lines on the virtual inertia of the system will be
discussed. In addition, how to analyze the large-signal stability of
the system at different virtual inertia is also a focus of
future work.
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