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Abstract

The increasing shift from traditional energy sources to renewable energy generation has heightened
the risk of frequency and voltage instability. This transition may result in serious consequences, such
as significant voltage and frequency fluctuations during sudden load changes, power generation
interruptions, and grid faults. One potential solution is the deployment of synchronous condensers
to mitigate these issues; however, this approach may also increase operational and maintenance costs.
To address this limitation, this paper proposes a method that enables renewable energy systems to
emulate the sub-transient behavior of synchronous condensers, thereby enhancing local voltage and
frequency stability. The proposed approach has been validated through case studies, demonstrating
both its effectiveness and practicality.

Keywords: virtual synchronous generator (VSG); synchronous condenser; renewable energy;
equivalent circuit

1. Introduction

To improve the economy and environmental protection of power generation, more and more
renewable energy generation equipment is being integrated into the power grid. In 2023, the installed
capacity of renewable energy in China has increased 1720 million kW, accounting for 76% of the total
power generation installation. In the field of renewable energy, the installed capacity of distributed
photovoltaics has exceeded 129 million kW, making it an important means of power generation [1].

Most renewable energy sources are connected to the grid through inverters, and due to the
significant differences in operating characteristics between inverters using traditional control
methods and traditional hydro-thermal power generator sets, regions with a high proportion of new
energy capacity often face frequency and voltage issues, especially under fault conditions. Regarding
the frequency issue, existing literature has proposed a virtual synchronous machine control strategy
to alleviate the frequency problem of new energy access by simulating the operating characteristics
of synchronous machines. The concept and model of virtual synchronous generator were first
proposed in references [2-7]. By simulating the rotor swing equation of synchronous generator, the
inverter has the inertia operation characteristics of synchronous generator, thereby alleviating the
frequency problems caused by various power disturbances. References [8-12] proposed the concept
of adaptive virtual synchronous generator control, which automatically adjusts the virtual inertia
constant and damping coefficient of the virtual synchronous machine through various adaptive
algorithms to achieve the best frequency response effect. These studies have made significant
progress in addressing the frequency issues arising from the integration of inverters into the power
grid. However, there is little research on voltage issues under fault conditions related to virtual
synchronous machines.

In the current actual power grid, in order to address the issues of reactive power and voltage
under fault conditions, engineering also adopts methods such as configuring synchronous
condensers to solve them [13-18]. This is because, compared to traditional power electronic reactive
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power compensation devices such as SVC (Static Var Compensator), the new generation condensers
have better performance in severe faults, especially three-phase severe faults, and can quickly bring
the voltage back to the rated value [19]. The cause of this phenomenon is due to the sub-transient
effect of synchronous condensers, which can enhance the voltage support capability under fault
conditions [18-22]. For example, in the Jiuquan-Hunan transmission sending-end power grid and the
East China receiving end power grid in China, the new generation condenser has a wide range of
applications, and simulation results and engineering practical phenomena also indicate that
condensers have a good effect on voltage stability [13]. In areas where new energy sources such as
photovoltaics are widely integrated, condensers also have a good effect on improving voltage
stability. In the northwest region of China, there are many renewable energy sources such as
photovoltaics and wind power connected, as well as long-distance transmission lines of 750kV.
Simulation studies on this example show that condensers have the best effect on improving voltage
stability in the region [14]. The study in reference [15] shows that in areas with large-scale integration
of new energy, compared to centralized configuration of multiple large capacity condensers at bus
stations connected to transmission lines, distributed configuration of small condensers with tens to
hundreds of MVar capacity at various new energy stations can better solve the voltage stability
problem under transient conditions and is more economical. However, the use of condensers also has
disadvantages such as complex manufacturing processes, high maintenance costs, and loud noise.
Moreover, dispersing condensers in relatively open new energy generation areas will also bring
higher transportation and maintenance costs. What is more, this configuration method does not fully
utilize the regulating ability of the inverter. Reference [23] discusses the performance of dynamic
voltage control devices at the inverters of very weak AC power systems. The types of compensation
considered are: (a) static VAr compensators (SVC); (b) synchronous compensators (SC); (c) a mix of
the two; and (d) fixed capacitors. Reference [24] verified the transient reactive support capability of
the new-generation synchronous condensers under grid fault condition. Reference [25] finds that
superconducting synchronous condenser injects up to 45% more reactive power compared to the
conventional synchronous condenser during a nearby three phase to ground fault. Reference [26]
finds that synchronous condensers can provide many benefits to a power system. They have useful
characteristics with regard to voltage support, especially when considering use of their short-term
overload capability.

In response to the above issues, this article proposes a novel virtual condenser control (VSCon)
strategy based on the equivalent circuit model of a synchronous generator [27-31], which can provide
voltage support compared with traditional VSGs [32]. This strategy is mainly aimed at photovoltaic
inverters with sufficient reactive power regulation capability at night. It can endow inverters both
sub-transient reactive power response characteristics and inertia which is similar with condensers in
areas where new energy is widely integrated, to enhance the transient reactive power support
capability and transient voltage stability of the region. And due to the inherent decentralized nature
of new energy stations, this strategy will be equivalent to distributing multiple small capacity
condensers near each new energy station in the region. Therefore, it can better solve the voltage
stability problem under transient conditions than centralized switching condenser, and can also
reduce the transportation, maintenance costs, noise, rotational wear and other problems caused using
traditional condensers to a certain extent. Moreover, compared to physical condensers that is
required improvements in production processes to optimize various parameters, the virtual
condenser proposed in this article only needs to adjust some control parameters, which significantly
reduces costs and improves convenience while ensuring certain voltage support and frequency
stability support for the power grid. At the same time, this article also analyzed the stability boundary
of its key parameters based on the virtual condenser, and the results showed that reducing the sub-
transient reactance of the virtual condenser would cause system instability.

The remainder of the paper is organized as follows. Section 2 proposes the control scheme of
VSCon; section 3 verified VSCon's role in voltage and frequency support and discussed the stability
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boundary of the system, and compare the difference between VSCon and a traditional VSG; finally,
section 4 concludes the work

2. Inverters Control Equation of Virtual Synchronous Condenser

Figure 1 shows the topology of a grid-connected VSCon. To mimic condenser, it is essentially
still a synchronous machine with zero active power output, so virtual condenser control essentially
simulates the inverter as a synchronous generator by establishing a model of the synchronous
generator. At present, research has proposed control methods that simulate inverters as synchronous
generators, mostly based on simplified three-phase symmetrical round rotor synchronous machine
models, while ignoring the d-axis and g-axis effects of synchronous generators. This will result in
inverters being unable to have sub-transient characteristics, and therefore unable to ensure voltage
stability by instantaneously generating reactive power in the event of a fault. Therefore, this article
adopts a complete model of synchronous generator to enable the inverter to have the sub-transient
effect of synchronous generator.

i (el e

Rs Ls Riine Liine Lerc

Figure 1. Topology of grid-connected VSCon.

To simulate the sub-transient effects of a synchronous generator, a detailed modeling of the
equivalent circuit of the synchronous generator is required first. According to [25,26], the equivalent
circuit of the dq axis of a synchronous generator can be represented by Figure 2. This model requires
six variables to represent the operating state of the synchronous generator, namely, armature currents
ia and i, excitation branch current in, d-axis damping winding current i, and g-axis damping
winding currents ik and k2. Rs, L1, Lmd, and Lug are stator resistance, stator leakage inductance, and
dq axis stator inductance, respectively; Lix: and Rw are the inductance and resistance of the d-axis
damping winding; Lz and Ru are the inductance and resistance of the excitation winding; Lik, Likg,
Riq1, Rz are the inductance and resistance of the g-axis damping winding; Laa is called Canay
inductor. The electrical equation corresponding to its equivalent circuit diagram can be expressed by
equations (1) and (2) and Figure 2.

Rs wryq Ly L1 Rs oy Ly
+o—mta + ot
¢ id + Ig +
Likg Litg Likg1 Likge
Vd I—md } . Lmq }
Wd ikd ltg \V/ Yq A i
Rfd q |kq1 |kq2
Ruid + Riqt Rige
- efd —_ —
—_ O — O

Figure 2. DQ axis equivalent circuit model of a synchronous machine.
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For the time constant and transient reactance parameters of synchronous machines, they can be
converted into equivalent circuit parameters using the conversion method described in [28].

Compared to the equivalent circuit equation, the mechanical equation of a synchronous
generator is relatively simple and can be expressed using equations (3) to (5) and Figure 3:

Figure 3. Mechanical model of a synchronous machine.

do T,-T,-K,(0-w,)

dt 2H

Te =Yy iq _‘//qid (3)‘
do '
—=w+a,

dt

Among them, T is the input torque of the prime mover, T. is the electromagnetic torque, H is
the inertia constant, Kz is the damping coefficient, and ws is the rated angular velocity. Adding
equivalent circuit equation and rotor equation to the control equation of the inverter can simulate the
external characteristics of synchronous condenser.

According to the control method described above, it can ultimately be applied to the switch
control of inverters. For an actual inverter, the resistance and inductance of its grid connection point
can be equivalent to the stator resistance and inductance of a virtual condenser, while the neutral
point voltage of the three bridge arms can be equivalent to the three-phase internal potential of the
generator, that is:

e Vv i

e |=|V, [+R| 0, +L,% iy 4)
e Vv i i

C c c C

Based on the generator equivalent circuit equation in the previous text, the final inverter PWM
control strategy can be obtained, as shown in the following figure:
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3. Case Study

3.1. Affect to Charactors on Faults Sub-Transient Parameters

In the system shown in Figure 4, the influence of sub-transient parameters on the characteristics
under faults is studied. The parameters of the virtual condenser are shown in the Table 1 and Table
2. In actual synchronous machines, the sub-transient reactance mainly determines the characteristic
of terminal voltage drop during the fault. In order to investigate whether virtual condensers have
similar characteristics, corresponding research was conducted in this section. At =0.5s, a three-phase
grounding fault occurred at the outlet of the infinite bus. At t=0.575s, the fault is cleared. When the
values of the transient reactance and the constant of the transient open circuit change, the
corresponding terminal voltage phenomenon is shown below.

Equivalent

lival o iq | doto | fac| Inverter | €ac
Vang at:jc to Ve V, Circuit > e?bc —> Terminal —> %@—/\Nvm—w .
a Equations Equations 2, . ’
A
0 Lo g liﬁ 0 ) I

Mechanical |_ |-§
Equations

Figure 4. Virtual Condenser Control of Inverter.

Table 1. Base parameters of the virtual synchronous condenser.

Parameters Value Parameters Value
Rs 0 Xi 0.13
X 1.79 Xy 1.71
Xd’ 0.169 Xy 0.228
Xa” 0.135 Xq” 0.2
Tao’ 4.3s Too’ 0.85s
Ta” 0.032s Too” 0.05s
H 0.868495s Ka 0

Table 2. Base equivalent circuit parameters of the virtual synchronous condenser.

Parameters Value Parameters Value
Rs 0 Rig2 0.0141
Ry 0.0010 Lixa 7.3005
Lia 0.5119 Likq1 0.0942
R 0.6343 Likp 0.3293
Riq1 0.0082 Lpd -0.4735

Build the simulation model of the Figure 4 in Matlab/Simulink software, where the modeling of
the inverter adopts the average model [33]. The waveforms of the terminal voltage (low voltage side
of the transformer) during the fault period under different transient reactance parameters are shown
in Figure 5. The change in the transient reactance will not change the steady-state operating point,
and when the virtual transient reactance decreases, the reactive power emitted during the fault
moment and duration will significantly increase, providing strong support for the voltage; However,
during a period after a fault, a smaller virtual sub-transient reactance may slow down the speed of
voltage convergence. For the sub-transient open circuit constant, increasing its value has no
significant effect on the voltage drop during the fault period, but can accelerate the convergence
speed of the voltage. Overall, the virtual sub-transient reactance and virtual sub-transient open circuit
constant are like the inertia and damping coefficients in virtual synchronous machines. Increasing
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the former can alleviate the frequency drop problem at the moment of fault, while increasing the
latter can help accelerate the convergence speed of voltage for a period after the fault. Figure 6 and 7
show the virtual rotor speed and real power output when inertia of VSCon changes, indicating that
VSCon has inertial characteristics that a traditional VSG has.
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Figure 5. Terminal voltage in p.u.
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Figure 6. virtual speed in p.u.
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As for the parameter x4”, its change will significantly affect the value of equivalent circuit
parameters, and this is why change in xa” will affect its voltage characteristics dramatically. Figure 8
shows that Lz and Rk are the parameters affected significantly by the variation of xa”, and these two
parameters are closest to internal electromagnetic force ef, thus influencing terminal voltage. When
fault occurs, the impedance at the terminal of the internal electromagnetic force will provide voltage
support. This is because the smaller Liz and R, the electromagnetic force behind will act as an almost
infinite bus, which is important to voltage stability when fault occurs. As for other parameters, they
won’t change significantly when xs”changes, so they have little contribution in sub-transient effect
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Figure 8. (a) Change of equivalent circuit parameters with the variation of xd”.

3.2. Sub-Transient Parameter Stability Boundary

For frequency stability issues, a larger inertia will help alleviate the frequency drop at the
moment of failure, but excessive inertia will also result in slow frequency recovery. Similarly, for
virtual condensers, reducing the secondary transient reactance will help alleviate voltage drops
during faults and voltage exceeding the upper limit after faults. However, too small a secondary
transient reactance may also slow down voltage recovery and even lead to system instability after
faults. In order to explore the stable boundary of the secondary transient reactance, this section will
start with small signal stability analysis and investigate the stable boundary of the secondary
transient reactance.

The system shown in the Figure 4 can be represented using the dq modeling method as follows:
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Xoe B,.. |[g2net f %o | | Sy
t L o [Bu]le ?Q?t.l%qsﬂ). N
where,
~o [L] " ([R]+[W][L]) Os.,
_ _id_g (Lmq + L| )’ iq_g (Lmd + I‘I )' Lmdiq_g ' Lmd iq_g '_Lmqid_g ’_Lrnqid_g (6)
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Where
.. . . . . T
X =[Iq_g'ld_g"fd_g'lkd_g"kql_g"qu_g'wg'gg] (15)
are state variables for virtual condenser,
. . T
Xnet = |:|Lq ILd qu qu] (16)

are state variables for electrical networks.

Linearize the system at the operating point to obtain its small signal model. The small signal
model contains relevant terms about the sub-transient reactance, and through solving the critical sub-
transient reactance parameters that cause system instability can be obtained.

According to equation (7) and Figure 9, the eigenvalue calculation shows when x.” is less than
0.02, the small signal model contains eigenvalues with positive real parts, indicating system
instability. This indicates that the sub-transient reactance parameters of the virtual condenser need
to be kept within a reasonable range, otherwise it will lead to instability of the system and slow
voltage recovery after a fault. As shown in Figure 10, change of other parameters won’t put the
system into instability.

LR T ol * % .
100 e ~
5 Xd” from0.135to 0.01

-5

power output(p.u

-100]

ek ok e k de kK Kk K

Figure 9. (a) Change in x4” and eigenvalues (b) power output under different xa”.
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Figure 10. (a) Change in xd’ and eigenvalues (b) Change in Tda’ and eigenvalues (c) Change in Tda” and

eigenvalues.

3.3. Comparison with Traditional VSG

To show the advantage of the proposed VSCon, comparison is made between VSCon and
traditional VSG under fault conditions as shown in Figure 11. Results show that VSCon can keep the
voltage at a smaller range during the fault, while traditional VSGs cannot keep the voltage in this
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range. This has shown the advantage of the proposed VSCon, because it does not only have inertial
characteristics as traditional VSGs have, but also have more voltage support capability.
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Figure 11. Comparison with traditional VSG.

6. Conclusion

This article introduces a control method that simulates an inverter as a synchronous condenser.
By simulating the sub-transient effects and rotor equations of a synchronous motor, it can provide
strong voltage support and inertia support for the power grid under short-circuit faults. The
simulation results indicate that a moderate reduction in sub-transient reactance and an increase in
inertia constant are more conducive to voltage support and frequency stability during short-circuit
faults. At the same time, this article studied the impact of various parameters of virtual condensers
on stability, and identified the parameter instability boundary, which can improve the safety and
stability of condenser operation and have a better effect on the economic operation and control of the
power grid.
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