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Abstract: With a higher and higher penetration of renewable energy in the grid, the principle of the virtual synchronous
generator (VSG) is proposed as an attractive solution to controlling the grid-connected inverters. In common, active power-
frequency and reactive power-voltage controllers play major roles in VSG control system. However, the line impedance and
local loads are the critical case effecting on the control result of the two controllers. Compared with reactive power-voltage
controller, active power-frequency controller is more easier to product the load sharing among the VSGs accurately. This paper
presents a self-adaptable reactive power-voltage controller to deal with the sharing problem of reactive power in the parallel
VSGs system, using the reactive power difference to adjust reactive power-voltage control coefficient. Then, a linearised small-
signal model is established for stability analysis of the reactive power-voltage control coefficient to the parallel VSGs system.
Finally, an experiment of two parallel VSGs system based on the self-adaptable reactive power-voltage controllers is performed,
with different line impedance. Results obtained from the experiment verify the effectiveness of the proposed self-adaptable
reactive power-voltage controllers in the parallel VSGs system.

1 Introduction

In the recent years, distributed generation (DG) has recently been
considered as a promising solution to meet the increased demand
for utility with smaller effects on the environment and distribution
infrastructures. With the higher and higher penetration of
renewable energy sources, the problem of grid steady operation is
increasingly severe. With lacking inertia needed to support and
participating in the frequency and voltage control of an AC system,
the renewable energy sources (RESs) inverters are hence unable to
contribute to the improvement of system stability [1]. This issue
can be addressed through the application of the concept of virtual
synchronous generator (VSG), which combine VSC and
synchronous generator (SG) characteristics. The VSG control
algorithm of a power electronics inverter is a control feature that
can be added to a converter controller to enable it to behave as an
SG [2].

The active power-frequency and reactive power-voltage
controllers play a major roles in VSG control system. When VSG
operates in island mode, the droop control strategy, based on the
internally frequency and voltage droop, is an effective strategy to
distribute power between inverters without intercommunication
[3].

Based on the assumption of pure inductive lines, the traditional
droop control uses the frequency to regulate the active power (P—f)
and voltage to control reactive power (Q-U). But in low-voltage
power system, the transmission line is mainly resistive, so the
traditional droop control cannot be the same effective as in high-
voltage system. Adding inductance into the transmission line or
adjusting the output impedance of the inverter into inductive helps
relieve the power coupling issue [4]. The real power—frequency
(P-w) and reactive power—voltage (Q—U) droop control methods
have been conventionally adopted to obtain the accurate power-
sharing performance with a decentralised method [5]. With
resistive transmission line, the transmitted reactive power is
proportional to phase angle difference and the active power is
related to voltage difference, so P-U droop control was discussed
in [6]. But neither P—f droop control nor P-U droop control is able
to completely make power decoupling.
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This paper focused on active power and reactive power-sharing
performance of the parallel VSGs system, and proposed a self-
adaptable reactive power-voltage controller to deal with the sharing
problem of reactive power in the paralleled VSG system, using the
reactive power difference to adjust reactive power-voltage control
coefficient. Then a linearised small-signal model is established for
stability analysis of the reactive power-voltage control coefficient
to the parallel VSGs system.

2 Principle of VSG control

The VSG concept is first presented in the subject of the VSYNC
project [7]. A VSG is a grid-connected or alone power electronic
inverter controlled to emulate the behaviour of an energy source
with a well-defined rotational inertia towards the grid during a
limited period of time, thereby increasing the grid frequency
stability and giving balancing algorithms, control, and protection
devices more time to restore normal grid operation after a fault or
contingency.

Fig. 1 shows the basic principle of VSG. The distributed energy
resources (DREs) such as wind and solar energy can be equivalent
to a prime motor, and a classical three-phase voltage-source PWM
inverter was used as synchronous generators that can mimic the
properties of SGs such as power droop, damping, and inertia.
Following the principle of the VSG, every distributed grid-
connected inverter operated as a synchronous generator, so that the
method and theory of large-scale grid stability controlling could be
transplanted into controlling a microgrid with a high penetration of
DREs [8]. Therefore, the problem of the fluctuating DREs
affecting the voltage and frequency of the microgrid can be solved
effectively.

A general overview of the VSG control systems and the power
system configuration is shown in Fig. 2. A mathematical model of
VSG and its associated control loops are used to control a three-
phase voltage-source inverter (VSI). The blocks composing the
internal representation of the SG and its traditional droop control
loops are grouped at the bottom of the figure. Here, a classical
second-order model for VSG is adopted which mainly includes the
electrical model and mechanical model. A simplified swing
equation represented as the mechanical model can be shown as
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Fig. 2 Structure of the multiple parallel VSGs system

Equation (a). It should be noted that all the variables are indicated
by physical values here.

d(w — wy)
o7

J dr =Pm_Pe_D(w_wg) (1)
a0 _
a =

where P,, and P, are mechanical active power and electromagnetic
active power, respectively, o is the rotating speed of the generator,
wy is the rated angular frequency, w, is the angular frequency of
the grid, € is electric angle, D is the damping coefficient, and J is
the rotor inertia.

The electrical equation of the synchronous generator is used to
represent a quasi-stationary electrical model (QSEM) by (2),
assumed that the SG stator impedance is algebraic in SRRF. The
variables in SRRF are translated from those in static three-phase
frame by an amplitude invariant park transformation. And all the
variables in SRRF equations are described by complex space-
vector notation according to X = x; + x4 [9].

E = U+1(ra + jX,) 2

where r, is the armature resistance, x, is the synchronous
reactance, U is the output voltage of the VSG, E is the excitation
electromotive force, and I is the stator current.

Based on the basic principle of SG governor and automatic
voltage regulator (AVR), the distributed grid-connected inverter
mimics the frequency regulator and voltage regulator of the SG
with the conventional droop control such as P—f droop and Q-U
droop. The droop control equations are expressed as

® = wy—Dp(P—Py) (Dp>0) (3)
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U=Uyv-D(Q-0n (D;>0) “

where Py and Qy are rated active power and reactive power,
respectively. P and Q are the output active power and reactive
power of VSG, and Uy is the rated voltage. Dp is damping
coefficient of P—f control loop, D, is damping coefficient of O-U
control loop.

3 Self-adaptable Q-U controller

In Fig. 2, it is obvious that the mathematical modelling and droop
control are the core of VSG realisation. For the mathematical
modelling of VSG, there is a consensus among the current
literatures that the second-order model is widespread used in VSG
modelling, which mainly depends on the swing equation [1].
Hence, the droop control has been focused on and discussed in this
subsection.

First of all, the equivalent circuit of two parallel VSGs system
is shown as Fig. 3 [10], the output active power P; and reactive
power Q; of each VSG connected to the point of common coupling
(PCC) can be written as

_ UiUpccRicos 6; — UpccRii + U:UpccXiisin §;
Ry + Xii

_ UiUpccXiicos & — UpccXyi — UUpccRysin ;
Ri + Xi

P;
&)

O

where U; and Upcc are the amplitude of the output voltage of the
VSG and the PCC, respectively. d; is the phase angle between the
output voltage of VSG and the voltage of the PCC.

In VSG control system, the P—f and Q-U droop control are
often used to mimic the primacy frequency and voltage regulation
properties of SG. But the control relationships of the P—f'and O-U
are obtained under the assumption that the line impendence is
inductive, Rj; is neglected, and J; is quite small, then sind =0 and
cos 0 =1. Consequently, the active power and reactive power can
be expressed as

Xji

U,
Qi ~ )ZC'C(UI' - Upcc)
1

(6)

According to (6), by adjusting P; and Q; independently, frequency
and amplitude of the PCC voltage are assured as shown in (3) and
@ 4, 11].

Hence, the conventional P—f and Q-U droop method has an
intrinsic problem related to the line impedance. For multiple VSGs
parallel operation, by only using the conventional droop method,
the VSG dynamics cannot be independently controlled.

It should be noted that the frequency is a global variable, so
active power load can be exactly distributed all the time.
Consequently, the problem of P—f controller is not discussed here,
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P — f droop controlller

Synchronous|
Generater

Upy ®+ S ®+ QN
Mathematical Model of VSG | 2% [+ < Z
J q

D‘l+— Qx‘

Self-adaptable O —U controlller

Fig. 5 Overview of the self-adaptable Q-U controller

as a corresponding self-adaptable Q—U controller is proposed in
VSG control system to for the decoupling of active power and
reactive power.

The principle of the self-adaptable O—-U control which can
make the load sharing between the parallel VSGs is shown in Fig
4. Originally, the two VSGs operate at the points ‘a’ (U;,01) and
‘D’ (Up,0»), the operating points ‘c’ and ‘d’ are the operating
points of VSGs after using the self-adaptable O—U controller. Since
the different line impedance, the reactive power of two parallel
VSGs are also different with the same droop coefficient D), as O
> (,. It is clearly that the reactive power of two parallel VSGs are
both deviated from the reference value (Q; + Q,)/2. With the effect
of the self-adaptable O-U controller, the droop coefficient of VSG;
is increased to D,|, meanwhile, the operating point of VSG
changes from ‘a’ to ‘c’. Similarly, he droop coefficient of VSG, is
decreased to D)5, meanwhile, the operating point of VSG; changes
from ‘b’ to ‘d’. Moreover, the load accurately sharing is obtained
with the two VSGs operating at ‘c’ and ‘d’, respectively.

The diagram of the self-adaptable O—U controller is shown in
Fig. 5. The proposed self-adaptable O—U controller is equivalent to
regulate the reactive power droop coefficient automatically in the
conventional droop control method. The improved droop control
equation can be expressed as

Ui= Uy — D, — (K, + Kil s$)(Py — P)IP; (M

where K, and K; are the proportional coefficient and integral
coefficient of the PI controller, respectively.

Due to the integrating element in the VSG control system, the
load sharing in multiple VSGs parallel systems can be carried out
automatically without the measured value of line impedance. Since
the droop coefficients is chosen to satisfy (7), reactive power-
sharing proportional to their power ratings is (always) achieved. If
the average load sharing is needed, the base value of the droop

coefficients of VSGs should be set to the same value.
Correspondingly, if the accurate proportional load sharing is
needed, the base value of the droop coefficients of VSGs should be
in inverse proportion to their power ratings [12].

4 Results and analysis
4.1 Small-signal analysis

In this section, small-signal model of two parallel VSGs system
with the self-adaptable OQ—-U controller is built for stand-alone
mode. Then, based on this model, the transition responses of active
power and reactive power of VSGs during a loading deviation are
shown and analysed.

A state-space model for the two parallel VSGs system as shown
in Fig. 3 can be obtained as given in (2)—(9), the state-space
equations of the two parallel VSGs system, which contain the
electrical system, the voltage and current loop controllers, the
transmission line, and LC filter, are well established and can be
directly adapted from [9, 13, 14]. The equations for the filter
currents, the grid side currents, and the output voltage of the VSG
can be derived directly from the circuit in Fig. 2, and are not
presented for simple. However, the output voltage of the self-
adaptable O-U controller can be written as

a _
E—QN_QI'

Ui = Uy+ Dy — K )(Qn — Q) — Kié

®)

Then, the non-linear state-space equations which contains 30 state
variables can be linearised around stable operating points and a
linearised small-signal model of two parallel VSGs system is
expressed as

Axsys = AsysAxsys (9)

where (see equation below) The small-signal dynamics of the
linearised small-signal model as shown in (9) were accessed by
performing an eigenvalue analysis for the line impendence in the
system. The parametric sweep results are shown in Figs. 6 and 7,
where the ratio (R/X) varies on the range of 40-0.025 and the line
length (/jjne) varies on the range of 20-800 m. In Fig. 6, low
frequency eigenpair 4,;, 3 change from two real roots into a pair of
conjugate complex roots, with oscillation frequency increasing and
damping ratio reduced. When the line resistance ratio reaching
0.025, eigenpair 4y 1, moves into the right half plane, and then the
system exhibits instability. A similar analysis can be done in Fig. 7,
there are two-pairs of complex-conjugate in the high-frequency
eigenvalues 4;_,, move towards to the right side of the complex
plane, with damping ratio increasing. For the middle-frequency
eigenvalues, eigenpair 4, ,, move towards to the left side of the
complex plane and become to a pair of complex-conjugate at last.
The eigenpair 4,; 4, and eigenvalue A;s make a little change in their
location. The low frequency eigenpair 4,; ;3 move towards unstable
region making the system more oscillatory and eventually leading
to instability, with line length increasing. Vice versa, a reduction in
the line length can shift the eigenvalues towards the right side of
the complex plane and generate instability for values lower than
190 m.

It can be seen from the above sections, the resistive component
of line impedance can support damping for the system, the low-
frequency and middle-frequency eigenvalues move towards to the
left side of the complex plane with the line length increasing,
which make the system more steady. Moreover, high-frequency

AXgys = [Awi; AP AQy; Adgys Adgis AYars Aygrs Altar; Aigr; Avoars -+
AVoq1§ Aigas; Al'coq|§ A5 Abyy; Awwr; APy; AQy; Adpyy; -+

A¢q2; A}’dz; quz; Aildz; Ailqz; Avogr; Avoqz; Aiogs; Aiqu"'

A&y; Aiigadds Ailoadq]
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4.2 Experiment results

In an island microgrid mode, a prototype of two parallel VSGs as
shown in Fig. 3 was executed and tested in the laboratory. Under
laboratory conditions, the setup of the experiment system is the
same as those listed in Table 1.

To verify the effectiveness of the proposed self-adaptable O—U
controller, the system is originally controlled by the conventional
droop control approach with the initial load;, and then VSG control
method with the proposed self-adaptable O—U controller is used at
3 s, load; is connected to PCC at 6 s as a load deviation. Figs. 8—10
show the experiment results of system frequency, active power, and
reactive power, respectively. An obvious inertia delay can be
observed from the system frequency in Fig. 8. And it is clear that
the active power of the two VSGs can be accurate sharing, but the
reactive power corresponding cannot share equally when the
system is operated by the conventional droop control approach.
After 3 s, an accurate power-sharing performance can be seen in
both active power (5 kW) and reactive power (1.8 kvar) curves.
With a load deviation at 6 s, both the active power (6.7 kW) and
reactive power (2.6 kvar) sharing shown in Figs. 9 and 10 exhibit
good performance.

5 Conclusion
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Active power-frequency and reactive power-voltage controllers
play a major role in VSG control system. However, the line
impedance and local loads are the critical case impacting on the
control performance of the two controllers. Here, a self-adaptable
reactive power-voltage controller is proposed to deal with the
sharing problem of reactive power in the parallel VSGs system,
which uses the reactive power difference to adjust reactive power-
voltage control coefficient. For the stability analysis of the parallel
VSGs system with the proposed self-adaptable reactive power-
voltage controller, a linearised small-signal model is established,
and the parametric sweep results of line impedance are analysed.
Finally, the experimental results obtained in the laboratory are
presented before drawing the final conclusions.

6 Acknowledgments

The authors would like to thank the anonymous referees for their
helpful comments and suggestions. This work was supported by
the Natural Science Funds of Hebei Province (Grant No.
E2015502046) and the Fundamental Research Funds for the

J. Eng., 2019, Vol. 2019 Iss. 16, pp. 2969-2973

This is an open access article published by the IET under the Creative Commons Attribution-NonCommercial-NoDerivs License

(http://creativecommons.org/licenses/by-nc-nd/3.0/)



Central Universities (Grant No. 2018MS088), in part by the
Scientific Research Program of Hebei University (Grant No.
72017132).

7 References

[1]

[2]

[3]

[4]

[5]

[6]

Alsiraji, H.A., El-Shatshat, R.: ‘Comprehensive assessment of virtual
synchronous machine based voltage source converter controllers’, IET Gener.
Transm. Distrib., 2017, 11, (7), pp. 17621769

Bevrani, H., Ise, T., Miura, Y.: ‘Virtual synchronous generators: a survey and
new perspectives’, Int. J. Electr. Power Energy Syst., 2014, 54, (1), pp. 244—
254

Chandorkar, M.C., Divan, D.M., Adapa, R.: ‘Control of parallel connected
inverters in standalone AC supply systems’, IEEE Trans. Ind. Appl., 1993, 29,
(1), pp. 136-143

Li, YW, Kao, C.N.: ‘An accurate power control strategy for power-
electronics-interfaced distributed generation units operating in a low-voltage
multibus microgrid’, IEEE Trans. Power Electron., 2009, 24, (12), pp. 2977—
2988

Vasquez, J., Mastromauro, R., Guerrero, J.M., et al.: ‘Voltage support
provided by a droop-controlled multifunctional inverter’, /[EEE Trans. Ind.
Electron., 2009, 56, (11), pp. 4510-4519

Guerrero, J.M., Jose, M., Garcia de Vicuifia, L., ef al.: ‘Decentralized control
for parallel operation of distributed generation inverter using resistive output
impedance’, [EEE Trans. Ind. Electron., 2007, 54, (2), pp. 994-1004

J. Eng., 2019, Vol. 2019 Iss. 16, pp. 2969-2973
This is an open access article published by the IET under the Creative Commons Attribution-NonCommercial-NoDerivs License
(http://creativecommons.org/licenses/by-nc-nd/3.0/)

[10]

(1]

[12]

[13]

[14]

Driesen, J., Visscher, K.: ‘Virtual synchronous generators’. Proc. Int. Conf.
Conversion and Delivery of Electrical Energy in the 21st Century, Pittsburgh,
PA, USA, July 2008, pp. 1-3

Kroutikova, N., Hernandez-Aramburo, C.A., Green, T.C.: ‘State-space model
of grid-connected inverters under current control mode’, IET Electr. Power
Appl., 2007, 1, (3), pp. 29-338

Mo, O., D'Arco, S., Suul, J.A.: ‘Evaluation of virtual synchronous machines
with dynamic or quasi-stationary machine models’, [EEE Trans. Ind.
Electron., 2016, 64, (7), pp. 5952-5962

Brabandere, K.D., Bolsens, B., Keybus, J.V.D., et al.: ‘A voltage and
frequency droop control method for parallel inverters’, IEEE Trans. Power
Electron., 2007, 22, (4), pp. 1107-1115

Li, Y., Vilathgamuwa, D.M., Loh, P.C.: ‘Design, analysis, and real-time
testing of a controller for multibus microgrid system’, IEEE Trans. Power
Electron., 2004, 19, (5), pp. 1195-1204

Zhong, Q.C.: ‘Robust droop controller for accurate proportional load sharing
among inverters operated in parallel’, I[EEE Trans. Ind. Electron., 2012, 60,
(4), pp. 1281-1290

Rasheduzzaman, M., Mueller, J.A., Kimball, J.W.: ‘An accurate small-signal
model of inverter- dominated islanded microgrids using dq reference frame’,
IEEE J. Emerg. Sel. Top. Power Electron., 2017, 2, (4), pp. 1070-1080

Liu, J., Miura, Y., Ise, T.: ‘Comparison of dynamic characteristics between
virtual synchronous generator and droop control in inverter-based distributed
generators’, [EEE Trans. Power Electron., 2015, 31, (5), pp. 3600-3611

2973



