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virtual synchronous generators (VSGs) powered by renewable energy sources
prefer to have energy storage attached to the DC link with DC-DC converters,
emulating the inertia and smoothing the intermittency of renewable generations.
This paper proposes a new VSG method for a two-stage converter to eliminate
the circulating power among inverters while having external characteristics
identical to those of a traditional VSG. In particular, the proposed VSG method
uses the inverter, energy storage converter, and DC capacitor together to
implement the swing equation. Meanwhile, the method can still achieve strong
similarities with synchronous generators in terms of physical structure, control,
and mathematical model. Therefore, the stable operation of the proposed VSG
is easy to evaluate by the well-developed traditional power system theory.
Moreover, the method is developed to be capable of eliminating circulating
power among paralleled VSGs. Simulation and experimental results have also
verified the effectiveness of the proposed method.

KEYWORDS

grid-tied converter, virtual synchronous generator, swing equation, microgrid,
circulating power

1 Introduction

To solve environmental issues and energy crises, distributed generators (DGs) using
renewable energy sources (RESs) have been developing in recent decades. The penetration
of DGs/RESs has been growing rapidly, wherein wind, tidal, and photovoltaic energy are
the most popular sources because of their cleanness, abundance, and low maintenance cost
(Carrasco et al., 2006; Frede et al., 2006; Bevrani et al., 2014).

However, compared to conventional synchronous generators, DG/RES units have either
very small or no rotating mass and damping effect, which are important properties of
frequency dynamics and stability (Kundur, 1994; Zhong et al., 2011; Ulbig et al., 2014). With
the growing penetration level of DGs/RESs, the impact of low inertia and damping on
the grid dynamic and stability was even highlighted with the degradation of frequency
regulation and stability maintenance, particularly with inverters working in the islanding
mode, whose control is far more challenging due to the absence of the main grid as well as
its sufficient inertia and damping effect from real synchronous generators (RSGs). In this
sense, DGs are required to actively participate in the power regulation of the grid, playing
the roles of RSGs. Along with this consideration, the idea of virtual synchronous generators
(VSGs) (T. Shintaietal,, 2014; Liuetal, 2016; Wu et al., 2016), or virtual synchronous
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machines (Alipoor etal., 2018), or synchronverters (Zhong et al.,
2011; Bevranietal, 2014), was proposed to mimic not only
the damping characteristics of synchronous generators but also
their inertia characteristics by applying the swing equation using
the appropriate energy storage (ES). Synchronverters, proposed
by Zhongetal. (2011), are realized based on the calculation of
a detailed model of RSG and controlled to behave identically
as an RSG, which inherits the exact characteristics of an RSG
but complexes the algorithm, and thusn it requires a high-
performance processor. The simpler methods in the work of
Chen et al. (2011), Yang et al. (2011), Chen et al. (2012), Hirase et al.
(2014), Shintai et al. (2014), Liu et al. (2016), and Wu et al. (2016)
consider the essential properties of a RSG, such as swing equations
and droop mechanisms, to control the inverters to mimic the
external features of an RSG with lower costs. Moreover, Liu et al.
(2016) proved that VSGs can be further simplified by a combination
of droop control and a first-order lag unit, which provides useful
insight into the VSG concept and parameter design (Wu et al., 2016).
After all, present VSGs are based on controlling the inverters to
inherit the advantages of conventional RSGs, connecting renewable
DC sources to the grid like an RSG in terms of inertia and damping
property, regardless of the topologies and operation of the DC side.

Several topologies have been proposed for VSG systems. The
VSYNC research group implemented a VSG with an energy
storage unit connected to a DC link and an inverter with an
LCL output filter operating as a current source (K. Visscher et al,
2008; van Wesenbeeck et al., 2009; Vu Van et al., 2010). This method
is designed for energy storage to behave as dedicated frequency
regulators and is not suitable for RES integration. On the contrary,
the Institute of Electrical Power Engineering (IEPE) (Hesse et al.,
2009), the research team at Kawasaki Heavy Industries (KHI)
(Hirase et al., 2012), and the ISE Laboratory (Sakimoto et al., 2012;
Shintai et al., 2012), which are some of the most active research
groups in the area, implement VSGs with RESs and ESs connected
in parallel to the DC link, which is the widely accepted topology for
RES integration in VSG systems.

A VSG with integrated renewable energy sources and an energy
storage component is usually a two-stage converter (Bevrani et al.,
2014; Shintai et al., 2014; Liu et al., 2016; Wu et al., 2016; Zhu et al.,
2017), and the RESs and ESs are usually connected to the DC
link through input converters. These controllers are controlled
according to the energy sources and control objectives because of
the good performance and flexibility of power electronics regulators.
Most VSG researchers regard the DC side of primary energy as
an ideal voltage source (Shintaietal., 2012; Bevrani et al,, 2014),
which is realized by controlling the energy storage converter to
compensate the intermittency of RESs. Although the method is
easy to implement without considering the operation of RESs and
the inverter, it requires ESs to have sufficient capacity and operate
stably; otherwise, the VSG will be out of order. In addition, two-
stage converters have been widely employed for various applications
(Carrasco et al., 2006; Frede etal., 2006; Vandoorn etal., 2011;
Vandoorn et al., 2012; Elrayyah etal.,, 2015; Egwebe etal., 2016;
Liu et al., 2016) with more control freedoms available for realizing
the expected functions. Liuetal. (2016a) and Liuetal. (2016b)
proposed an improved droop controller for two-stage converters
with limited ESs using both DC-link voltage and generated power to
achieve power sharing. Vandoorn et al. (2011) and Vandoorn et al.
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(2012) proposed the droop control technique to modify the grid
voltage according to the DC voltage for exploiting the maximum
power of RESs in the islanded mode. Meanwhile, the universal
controller in Elrayyah et al. (2015) realized MPPT, droop control,
and DC voltage regulation simultaneously. In addition, the stability
issue and the operation of multiple VSGs have been extensively
researched in recent years. Modeling of grid-forming and grid-
following converters with DC capacitors/batteries was presented by
Fang et al. (2023). Yang et al. (2021) placed a grid-forming converter
to enhance the stability of a grid-following converter. Rosso et al.
(2019) improved the stability performance of parallel VSGs in a
weak grid. In addition, multiple parallel-connected VSGs can be
analyzed by making all VSGs as one equivalent VSG (Cajigas et al.,
2022) but without considering the possible circulating power among
two-stage VSGs. So far, however, there are few literature records
considering the characteristics of two-stage converters in VSG
systems.

This paper, therefore, proposes a control method, DC voltage-
based virtual synchronous generator (DCV-VSG) control, extending
the research of two-stage inverters to VSG systems. In the
proposed method, the AC frequency is determined by the DC-
link voltage, and the ES converter and RES converter can
be controlled accordingly. Compared with traditional virtual
synchronous generators, the DCV-VSG can eliminate the circulating
power among parallel VSGs. Moreover, the DCV-VSG provides a
straightforward model like an RSG, and each component in the
DCV-VSG can be regarded as a counterpart of an RSG, which
provides useful insights into the VSG concept and the design,
operation, monitoring, and maintenance problems that can be
solved in a similar path to the well-developed conventional power
systems theories.

The rest of the paper is organized as follows. First, the topology
and control of two-stage traditional VSGs are reviewed with the
problem of the circulating power analyzed in Section 2. Then, in
Section 3, the operating principle of the DCV-VSG is presented
with the analysis of circulating power elimination. In addition, the
performance comparison and operational constraints are addressed
in Section 4. Finally, the idea of the DCV-VSG was verified through
both MATLAB simulation and experimental results.

2 Review and circulating power
analysis of traditional VSGs

2.1 Topology and control of traditional
VSGs

Ideally, a two-stage VSG designed for RESs should integrate
ESs at the DC bus to emulate the VSG (Shintai et al.,, 2012). In
specific, the topology of a two-stage VSG is shown in the upper
part of Figure 1, where the ES is interfaced by a bidirectional
DC/DC converter as it is required both to generate and absorb
power.

The control of a two-stage traditional VSG is illustrated in the
lower part of Figure 1. The basic idea of a VSG is to reproduce
the dynamic properties of an RSG; i.e., the swing equation is
realized by the corresponding control algorithms for the power
electronics-based DG/RES units. In this way, current traditional
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FIGURE 1

Topology and real power control of a two-stage traditional VSG.

VSGs implement the dynamic in the data processor of inverters
(Shintai et al., 2012; Bevrani et al., 2014) by measuring the power
and solving the swing equation with numerical integration. The
swing equation in a traditional VSG is expressed as follows:

_kdv(wref_wo)’ 1)
where w,, is the reference angular velocity of the inverter, whose
nominal value is wy; kg, is the virtual damping factor; J, is the
moment of inertia of the virtual rotor, P’ is the measured output
power of the inverter filtered by a low-pass filter (LPF),and P’ is the
virtual mechanical power, which is usually set as the rated power of
the inverter (Bevrani et al., 2014; Liu et al., 2016). Meanwhile, the ES
converter maintains DC voltage as a constant, and the RES converter
harvests the energy determined by its control objective. The output
of the ES converter can be determined as follows:

pP,=P,-P

2)

res>
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where P,, P, and P, are the actual output power of the
inverter/RES/ES, that ES will
cover the power gap between the RES power and inverter

respectively. Eq.2 suggests
power.

According to (1), P, is set before the operation, and P, is
determined merely by the grid loading, but P, is affected by ambient
conditions, such as the block effect or weather changes, resulting in
random power fluctuations, which will introduce the problem of the
ES converter circulating power among parallel VSGs, as analyzed in
the following section.

2.2 Topology and control of paralleled
traditional VSGs

An analysis of the circulating power can be performed by
using the scale-down microgrid of two traditional VSG units
connected in parallel, supplying a common load, as shown in
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FIGURE 2
Power flow illustration within a simplified islanding microgrid with two traditional VSGs.

Figure 2. The green lines represent the power flow generated
by RESs. The blue lines show the power flow between the
inverters. Suppose that the total converter power loading is P,
and the loading of each converter is P;; (i = 1 or 2). The
power flow within the microgrid satisfies the relationship as

follows:
Py + Py =Py, ©)
Py +Presi = Ppys (4)
Poy +Prosy = Py, (5)
where P, is the output power of RES converter i and P, is the

output power of ES converter i. As P, varies randomly, we consider

resi
a common situation where one of the RESs accidentally suffers from
power deficiency while the other does not (probably due to local

weather changes), i.e.,

P, <P, (6)

res
PresZ > PL2' (7)

The output power of the ES unit of each VSG can be determined
by the following equations:

p PLl - Presl >0, (8)

esl =
PesZZPLZ_Pre52<0' (9)

Clearly, there is part of power following from ES converter 2
to ES converter 1, which has no contribution to load sharing at
the AC side but increases power losses by extra power conversion
between DC converters. Hence, the circulating power P. to
quantify these extra conversions is presented by the following
equation:

1
PC2:5(|Pesll+|Pe52|_|Pesl+P252|)' (10)

Frontiers in Energy Research

Obviously, P, serves as an indicator of the operation efficiency
and should be made as small as possible. Now, we suppose that there
are n VSGs parallel-connected together, and then, it can define the
circulating power between n ES units as follows:

PCn: %(Z?=I|Pesi|_|Z?=1Pesi|)' (11)
According to triangle inequality,
Z?:1|Pesi| 2 |Z:':1Pesi|’ (12)

It is noted that the circulating power is always non-negative and
reaches zero if and only if the signs of P, are the same, i = 1,
2....n. Therefore, to eliminate the circulating power, the operation
of the RES unit, the ES, and the inverter in the microgrid should be
coordinated to balance the power both in the microgrid and among
different ES converters. It is noted that the circulating power will
not appear among parallel-connected single-stage VSGs, where the
power source or energy storage component will directly connect to
the DC link.

In addition, for a single RES unit, the aforementioned task can
be performed to some extent by modifying the virtual mechanical
power according to the measured RES output, but the method
becomes inappropriate where multiple RESs are integrated or
the ESs are located separately from the RESs. In such cases,
high-bandwidth communication modules are needed to share
information on power flow between each unit, which complicates
the system and introduces potential failure points (Wang et al., 2008;
Yang et al., 2011; Belvedere et al., 2012; Tan et al., 2013).

3 Proposed DC voltage-based VSG

According to the analysis in Section 2, the generation
mechanism of a traditional VSG’s circulating power lies in the swing
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Eq.1, which is realized purely by the digital processor based on
power measurement and estimation. On the contrary, an RSG
realizes the swing equation by the electromechanical/magnetic
process (Kundur, 1994); i.e., the mechanical torque/power is
dynamically balanced by the electrical torque/power, else the rotor
speed sways and the mechanical torque/power is adjusted until a
new equilibrium is met. Along this line of consideration, in this
section, a DCV-VSG is proposed for two-stage inverters to realize
the swing equation using the dynamic characteristic of a DC-link
capacitor, by whose voltage the AC frequency and the ES converter
output power are determined.

3.1 Control of a rear-end inverter

Assuming that the line impedance is inductive (if not, a virtual
inductor can be introduced to be in series with the inverter through
the control strategy, thus making the impedance to be inductive),
the frequency is decoupled from the reactive power; therefore, the
following analysis can be treated independently by active power
distribution (Guerrero et al., 2005; He et al., 2011).

To utilize DC voltage to balance the power flow, the inverter
should establish a relation between DC voltage and frequency. A
mapping function can be defined to relate frequency reference with
DC voltage as follows:

wref =M(Vdc)’ (13)

where w,,, is the angular frequency reference of the output
voltage, M is a monotone increasing function defined to generate
the frequency reference, whose physical meaning and selection
will be explained in Section 4, and v, is the measured DC-link
voltage. After obtaining the frequency reference, combined with the

TABLE 1 Comparison of an RSG and DCV-VSG in physical features.

RSG

10.3389/fenrg.2023.1218452

amplitude reference, the AC voltage reference can be generated,
which is then sent into the double-loop controller to control the
output voltage, as demonstrated in Figure 3.

3.2 Control of the energy storage
converter

As v, must now vary slightly to indicate the power balance
between each unit, the ES converter should work in the droop mode
rather than the constant voltage mode. The voltage reference of the
DC bus can be given as follows:

P, 1

vdc.ref = _E TTvs t Va0 = _Pest(s) + Va0 (14)

where vy, . is the DC voltage reference of the ES converter; v,
is the nominal value of v; kp, is the damping factor, and T is the
time constant of the low-pass filter (LPF), which will be explained in
the next section. In addition, to avoid overload of the ES converter,
a saturation component must be added after the current reference.
Finally, the overall control scheme of the DCV-VSG is illustrated in
Figure 3.

3.3 ES converter circulating power of
paralleled DCV-VSGs

Supposing n DCV-VSGs are parallel-connected, under steady
states, all DCV-VSGs share a unified frequency:

M(vdcl) =M(th:2) == M(vdci)"' =M(vdcn) =w, (15)

DCV-VSG

Primary energy

Traditional energy, water, coal, etc.

Renewable energy, solar, wind, etc.

Prime mover

Turbine

RES converter

Regulator Governor and damping winding ES converter
Energy transfer medium Magnetic field Inverter
Linking component Stator winding Output/virtual impedance
Inertia component Rotor (Virtual) DC capacitor

1

(C,+C))s

Q, <«—Vdco
FIGURE 5
Mathematical models of (A) an RSG and (B) a DCV-VSG.
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where v, is the DC-link voltage of inverter i. As M is monotone
increasing, it is obtained as follows:

Vact = Va2 = """ = Vaci'"" = Vden :M_l(w) ° Vdr’ (16)

where M1 is the inverse function of M. It can be concluded all DCV-
VSGs within the grid share the same DC voltage. According to (14),
the output power of DCV-VSGs satisfies

p p p esi

B kDi )

P esn
kD

n

esl _

es2

= _(Vdc - "dco)> (17)

kpr  kpy
where kp, is the damping factor of ES converter i. Accordingly, the
output power of the ES converter is proportional to its damping
factor, which obviously has the same sign and satisfies (12). Hence,
the circulating power is P, = 0, which means that the circulating
power is eliminated effectively.

4 Performance comparison and
operational constraints

The reason why the DCV-VSG can achieve the same power
allocation with higher efficiency is that the swing equation is
implemented by an electromagnetic process like an RSG rather than
the numerical operation of a traditional VSG. In this section, the
physical process and mathematical models are compared between
an RSG and a DCV-VSG to further clarify the concept of the
DCV-VSG.

4.1 Physical features

Figure 4 compares the power conversion process between an
RSG and DCV-VSG. From the perspective of the energy flow path,
itis apparent that there are analogies between these two systems. For
an RSG, the primary components of active power control consist
of a valve, turbine, governor, rotor, stator (winding), and damper
(damping winding). The turbine is the prime mover, which converts
primary energy into mechanical power P, driving the rotor at
a certain angular frequency. At this frequency, the rotor, with its
windings powered by direct current, produces a rotational magnetic
field in the air gap to generate electromotive force in phase with
a magnetic field in stator winding (Kundur, 1994). The governor

10.3389/fenrg.2023.1218452

and damper are critical for system stability, and they have similar
functionality, i.e., adjusting mechanical power with damping power
P4 to be inversely proportional to rotor speed error. It is worth
noting that the main difference between the governor and damper
lies in their response time to disturbances, but it is not a problem
for power electronics devices, and their effect is considered as
a whole. This feature contributes much to the damping of rotor
oscillation and increases the stability margin in stability analysis
(Kundur, 1994).

The idea of a DCV-VSG is to inherit the dynamic power
balancing feature of an RSG, as discussed in the previous section.
In order to do so, components within the DCV-VSG have to
be designed to mimic its counterpart in the RSG. In specific,
the RES converter is to emulate the turbine of the RSG, which
converts renewable energy into electric power (represented by
P..,) determined by its own control objective. The ES converter is
indispensable to simulate the damper and governor of an RSG to
adjust the RES output according to the DC voltage error with output
power P, since the output power of an RES is not as controllable
as that of traditional sources. Under steady states, (14) suggests that
P, is inversely proportional to the DC voltage error, which is quite
similar to the linear model of the damper and governor of an RSG
[6]. Moreover, under normal operation with DC voltage around its
rated value, the ES converters almost do not deliver or absorb any
power.

The DC-link capacitor is correspondent to the rotor of the RSG,
which is the core element to achieve dynamic power balancing
and inertia response. In brief, when the input power is larger
than the output power, the DC voltage becomes higher, resulting
in a higher frequency of the inverter, which will increase the
output power until a new equilibrium is reached, as indicated by
Eqs 13-17.

The inverter (with its LC filter) is controlled to emulate the
magnetic field of the RSG, which produces AC voltage at the rotor
frequency and transfers energy from the rotor to the stator, while
the inverter generates AC voltage at a frequency determined by the
mapping function of DC voltage from (13), and the energy will
transfer from the DC capacitor to the AC output port. The word
‘synchronous’ is also utilized to describe the phenomenon where
the rotors of all RSGs interconnected in parallel are synchronized
to the same frequency, which coordinates with the conclusion that
the paralleled DCV-VSGs share the same DC voltage demonstrated
by (16). On the other hand, as shown in Figure 1, a traditional

TABLE 2 Correspondence in parameters of traditional VSG, RSG, and DCV-VSG models.

RSG

Moment of inertia (J)

DCV-VSG

(Virtual) DC capacitance (C, + C,)

’ Traditional VSG

Virtual moment of inertia (J)

Angular velocity (w)

DC voltage (v4.)

Angular velocity reference (w,,)

Kinetic energy in rotor

Electric energy in DC capacitor

Accelerating power (P,)

Capacitor power (P.)

Mechanical power (P,,)

RES converter power (P,

res) Virtual mechanical power (P )

Electromagnetic power (P,) DC output power (P,) Measured output power (P’O)
Damping factor (k,,4) Damping factor (k) Virtual damping factor (ky,)
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TABLE 3 Practical constraints for simulation and experiment.

Constraints Values

AC frequency range (fin> fimax) 49.5 Hz/50.2 Hz

DC voltage range (vy. min» Vdc.max) 200% * 10% V

ES maximum charging/discharging power (P, /Py ) 800 W/1000 W
RES maximum power (P, ,....) 550 W
Maximum design load (P ,,.) 500 W

VSG does not inherent an electromechanical process, and thus,
it is implemented with no physical process. To sum up, the
correspondences of the physical process between a DCV-VSG and
RSG are demonstrated in Table 1.

4.2 Mathematical models and parameters

Based on the motion mechanic theory and circuit principles in
Figure 4, the power characteristics of an RSG and DCV-VSG can be
described by (18) and 19, respectively, (Kundur, 1994).

P,=P,-P,+P, (18)
Pc:Pres_Po+Pes’ (19)

where P,, P, P, and Py are the accelerating, mechanical,
electromagnetic, and damping power of the rotor, respectively; P.
is the capacitor power.

Considering the dynamic process and damping characteristics
of RSG, (18) can be further developed as follows:

dQ
].QE =P, -P,—k,,(2-0Q,), (20)

where J is the moment of inertia of the RSG rotor, Q) is the
mechanical angular speed of the rotor whose rated value is Q, and
k,,q refers to the mechanical damping factor considering the effect
of the governor and damping windings together.

Meanwhile, substituting (14) into (19), we obtain

dvdc
(Cd+kDTv)vdc7 :Pres_Po_kD(Vdc_vdco)’ (21)

where Cy is the DC-link capacitance of the DCV-VSG. A virtual
capacitor determined by the LPF’s time constant of the ES converter
can be defined as follows:

C,=kpT,. (22)

According to (22), C, also serves as the inertia of the DCV-VSG;
thus, the variable inertia can be implemented easily by adjusting the
LPF’s time constant of the ES converter.

Comparing (20) and (21), the mathematical models of an
RSG and DCV-VSG have a unified form, which is illustrated
in Figure 5, where when increasing kp, in Figure 5B, the energy
storage converter will output or absorb more power and then
minimize the variation of DC-link voltage and the variation
of output frequency in consequence. Combining with (1), the
correspondences of parameters are, thus, summarized in Table 2. It
is noted that the DCV-VSG performs more like an RSG rather than a
traditional VSG.
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FIGURE 6

Simulation results of the DCV-VSG for circulating power eliminating
with (A) DCV-VSGL, (B) DCV-VSG2 output voltage and current, (C)
RESs output power, (D) DC voltage, and (E) ESs output power.

4.3 Implementation constraints

To implement a DCV-VSG in practice, some other constraints
must be considered for stable operation under any condition. The
mapping function M (v4.) presented in Section 3 maps DC voltage
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FIGURE 7
Simulation results of traditional VSGs when an RES power unbalance occurs with (A) DC voltage and (B) ES output power.

to AC frequency, which is confined within a certain range by grid
standards. Assuming the frequency is limited in the range from
fmin t0 fmap the mapping function must satisfy (23) in normal
operation.

M(Vdamin) 2 2”fmin
M(vdamax) < Z”fmux’

(23)

where vy i, and vg. .. are the lower and upper limits of the DC-
link voltage, respectively.

In addition to the constraints on ES units for normal applications
(SOC limits, etc.), power requirements should also be met for the
expected performance. To prevent the DC voltage from exceeding
the upper limit when the grid is lightly loaded, the ES should absorb
all power generated by renewable energy sources when the DC
voltage reaches its upper limit.

kD(Vdc.mux - Vdc()) < Pres_max’ (24)

where P is the maximum output power of the RES under

optimal circumstances.

At the same time, to support the DC voltage when the
grid is heavily loaded, the ES should be capable of supplying
maximum load when the DC voltage reaches its lower
limit.

levdc.min - vchI = PL.max’ (25)

where P; .. is the maximum design load of a DCV-VSG.
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5 Simulation and experimental
verifications

Before the simulation and experimental verifications, the
parameters in the control functions of (13) and 14 have to be
specified. Considering the constraints in Table 3, (13) and (14) can
be designed according to the discussion in Section 4.

To present a preliminary verification, we consider the simplest
mapping function as a polynomial to take full advantage of the
component capacity:

M(vdcmax) = 27Tfmux’

M(ve0) = 27f o, (26)
M(vdcmin) = Zﬂfmin.
By substituting the parameters in Table 3 to (26),
M(vy.) = -0.0023v2_+1.0524v,, +197.9203. 27)

On the other hand, substituting the parameters into Eqs 22, 23,

24, 25,
27.5 < k;, < 40. (28)
Here, it is better to choose kp, = 40 for its smaller frequency

deviation.

5.1 Simulation verification
5.1.1 Circulating power elimination

To verify the performance of circulating power elimination
of the DCV-VSG, MATLAB/Simulink was employed to model
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FIGURE 8
Simulation results when a load is added at 1s with (A) DC voltage response of DCV-VSGs, (B) ES output power of DCV-VSGs, and (C) voltage frequency.

a microgrid of Figure 2 with two identical converters as DCV-
VSGI1 and DCV-VSG2, where power unbalances happen in RES
sources. The main parameters are shown in Table 3, and the control
parameters are the same as those in (27) and 28. The virtual inertia
control is disabled here.

Two RES power sources, RES1 and RES2, both generate
power of 200 W at the beginning of the simulation. At 1s, power

Frontiers in Energy Research

imbalance happens when the generated power of RES1 decreases
to 100 W, while that of RES2 increases to 300 W, as shown in
Figure 6C, where the output power of DCV-VSGI increases and
that of DCV-VSG2 decreases, as shown in Figures 6A, B, which
coordinates with the RES output deviation. In this sense, ESs of
DCV-VSGs output little power before and after the unbalance
happens except during the transient process, as shown in Figure 6E.
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FIGURE 9
Experimental results using the DCV-VSG for circulating power elimination with (A) PVs input voltages and currents, (B) DCV-VSG output voltages and
currents, and (C) DC voltages and ES output currents.

It is obvious that the two DCV-VSGs have the same DC-link
voltage after the transient process, as shown in Figure 6D, whose
value slightly deviates from that before the imbalance happens as
expected.

To make a comparison, the same simulation is repeated with
traditional VSGs. The corresponding results are shown in Figure 7.
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The DC-link voltage is controlled to be constant before and after
the power imbalance, as shown in Figure 7A. Meanwhile, ESs of
traditional VSGs generate and absorb over 100 W at the same time,
as illustrated in Figure 7B. In this sense, according to (10), the
circulating power P, = 100 W limits the efficiency of traditional
VSGs.
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2.5A

5.1.2 Virtual inertia performance

To verify the developed models and the performance of
virtual inertia discussed in Section 4, the RES power is kept
constant at 400 W, while another load of 400 W is added to
the grid at 1s. The transient response of the AC voltage and
frequency will be examined and compared. In Figure 8A, the

Frontiers in Energy Research 12

DC voltage response of the DCV-VSG becomes smoother as
C increases, which is coherent with the mathematical model
developed in Section 4. In addition, the response with virtual inertia
almost overlaps that with the same capacitance. Meanwhile, the
frequency response is also smooth, proving the effectiveness of the
DCV-VSG.
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5.2 Experimental results

To verify the practicality of the proposed scheme, a scaled-down
AC microgrid was built in our laboratory, which comprises two VSG
units with each powered by an independent PV string (Vypp =
180V, Iypp = 3.1A at 800 W/m?, 20°C) through the renewable
energy source converter. Two Chroma DC programmable power
supplies are used to emulate the energy storage units interfaced by
the ES converter to the DC link of VSGs. All control algorithms are
programmed in dSPACE DS1103.

5.2.1 Circulating power elimination

Typically, the power imbalance discussed in this paper occurs
when PV strings powering different VSGs suffer a sudden change in
the irradiance level. However, as the irradiance cannot be flexibly
controlled for the rooftop-installed PV strings, this experimental
microgrid can only examine the transient conditions where PV
voltage references are changed suddenly and deliberately. The
parameters for this experiment are also listed in Table 3.

10.3389/fenrg.2023.1218452

Figure 9 shows the experimental results when the PV voltage
reference suffers sudden change to verify the effect of the DCV-
VSG on circulating power elimination. Before the change, the
PV voltages are controlled by RES converters at 90V, so the
outputs of PV strings are identical. In this sense, two VSGs
have equal load sharing of 207 W, as shown in Figure 9A, which
are supplied by PVs with no power generated by ESs. Then, at
t;, the voltage references of PV strings change to 90 + 40V,
respectively, to simulate the power imbalance between the VSGs. As
the currents of PV strings remain constant at 2.3 A (because PVs
are working in the constant current zone), the output powers of
the PVs become 299 W and 115 W, respectively. By the proposed
DCV-VSG, the inverters adjust their output automatically to
adapt to the changes, with DCVVSGI increasing and DCVVSG2
decreasing its power, as shown in Figure 9B. Because of this
feature, the output of ES converters remains 0 W, as shown in
Figure 9C, saving the extra operation introduced by the traditional
VSG. As the total power of PVs remains constant, DC-link
voltage v4.; and vy, remain unchanged, as shown in Figure 9C;
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therefore, system frequency is not influenced by the RES power
changes.

5.2.2 Virtual inertia verification

The developed model of the DCV-VSG in Section 4 suggests that
the DC capacitance of the DCV-VSG is analogous to the moment of
inertia of the RSG. This feature can be verified by an experimental
comparison shown in Figures 10A, B. At first, DVG-VSGs supply
a resistive load of 400 W powered almost all by PVs, with the
DC voltage being 200 V and ESs output being 0 W. At t;, another
resistive load of 400 W is added to the AC bus, and the transient
response of DC voltage and AC frequency around t; is our focus.

Figures 10A, B are plotted with C, = 0 mF and Cy being 0.55
mF and 1.1 mF, respectively. After adding the load, the AC current
instantly increases to supply the extra load. Therefore, the output
power of the DC capacitor becomes larger than its input power,
and then, the DC voltage decreases. Under steady states, DC
voltages in both figures are finally 195V, suggesting that the DC
capacitance does not affect the steady-state performance. However,
compared with Figure 10B, the DC voltage in Figure 10A swings
more violently. This can be examined more clearly in Figure 11A,
where the DC voltages of both scenarios are plotted in the same
figure. Figure 11A indicates that the DC voltage response of the
DCV-VSG to a certain disturbance becomes smoother as the DC
capacitance increases, with a longer decreasing time and smaller
overshoot. The observation suggests that a DCV-VSG with larger
DC capacitance has greater inertia, coordinating with the conclusion
drawn in Section 4.

Furthermore, the same experiment was repeated with C, = Cy4
= 0.55 mF, whose results are shown in Figures 10C, 11. Compared
with Figure 10A, the DC voltage of the DCV-VSG with virtual
inertia also has a smoother response to a disturbance. By a detailed
observation of Figure 11A, the response of the DCV-VSG with the
virtual capacitor almost overlaps that with the real capacitor, and
with even a smaller overshoot. The same observation can be made in
Figure 11B by the frequency curves using data of voltage of phase A
in each case plotted by MATLAB. The frequency responses become
less steep with smaller excursion as the DC capacitance increases,
and the response with a virtual capacitor is quite close to that with a
real one, which is coherent with the analysis in Section 4; therefore,
it proves the effectiveness of virtual inertia.

6 Conclusion

This paper proposes a new DC voltage-based virtual
synchronous generator method for two-stage converters. The
method is identical to traditional VSGs in external characteristics,
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