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Abstract: The virtual synchronous generator (VSG) is an attractive interfacing technique for high-penetration renewable generation. By in-
corporating the inertia control, the grid-connected voltage-source converter can behave in a similar way with the SGs, which is helpful to
enhance the stability of the power system. However, it is reported that the synchronous frequency resonance (SFR) can be aroused in the
VSG due to the resonance peaks in the power control loops at the fundamental frequency. By modelling the power control loop in the dq
domain, the mechanism underlying the SFR is studied. It reveals the frequency shift of the grid impedance in dq frame is the origin of
SFR. Moreover, the phase-amplitude cross-regulation scheme is proposed to suppress the SFR. In this way, the resonance peaks in the
power control loops are completely removed, and the coupling effects between the active power and reactive power loops are also eliminated.
Therefore, superior power control performances can be achieved. Simulation results verify the effectiveness of the theoretical analysis and both
dynamic performance and stability of the power loops are greatly improved by the proposed cross-regulation scheme.

1 Introduction

Over the past decade, renewable energy-based distributed power
generations have been continuously integrated into power grids
[1]. The grid-connected voltage-source converters (VSCs) are
widely used as the interface in the renewable power plants and dis-
tribution networks. The dynamic interactions among the VSCs and
the grid tend to bring in various resonance and stability issues, chal-
lenging stable operations of modern power systems [2].

The current-controlled scheme is dominated control method for
grid-connected VSCs, which regulates the instantaneous active
power and reactive power through the fast inner current control
loop [3]. To synchronise with the grid, a phase-locked loop
(PLL) is used to obtain the accurate phase angle of the voltage at
the point of common coupling (PCC). However, under the weak
grid condition, the PCC voltage is affected by the injection of
active and reactive powers. Thus, subsynchronous resonance
(SSR) and super-SR can be aroused due to the PLL dynamics
[4–7]. Moreover, controlled as the current source, the VSC is incap-
able of providing the independent voltage support for the loads [8].
These issues impede the further increase of the renewable penetra-
tion level.

To enhance the stability of the power system dominated by power
electronics, the concept of virtual synchronous generators (VSGs)
was proposed to control the grid-connected VSCs to emulate the
SGs including the inertial characteristic [9–12]. Instead of using
PLL, VSG regulates its active power by adjusting the phase angle
of the terminal voltage, while regulates its reactive power by
varying its voltage magnitude, thus the negative impact of PLL
on power stability can be eliminated. However, several investiga-
tions have shown that a resonant peak at the fundamental frequency
in the power control loops of VSG tends to trigger SR [13–15] in
contrast to SSR and super-SR. To address the SR, the virtual resist-
ance can be implemented by control and inserted into line imped-
ance, so that the SR can be retrained without introducing power
loss [13]. However, this damping method will equivalently increase
the R/X ratio of line impedance, which would inevitably make the
coupling effects between the active and reactive powers more
seriously.

In this paper, according to the complex power definition, the ac-
curate power control model of VSG is derived in a straightforward
way. Instead of using the virtual resistor to damp the SR peak, the
phase-amplitude cross-regulation scheme is proposed for VSG,
which can remove resonance peaks completely. Moreover, the
coupling effects between the active and reactive power control
loops are also greatly eliminated. In this way, the stability of
VSG is greatly enhanced over the wideband frequency range and
it is more flexible for VSG to choose power regulation parameters
to achieve superior control performance.

2 Modelling of the power control loops for VSG

The topology and control block diagram of VSG is shown in Fig. 1.
A three-phase voltage-source inverter is connected to the grid at the
PCC through an inductor–capacitor filter, which consists of Lf and
Cf. Zg is the equivalent grid impedance at the PCC, which is mod-
elled by a resistor rg and a series inductor Lg. To mimic the key be-
haviour of the SG,, the damping and inertial controls are
incorporated into the active power and reactive power regulations.
Dp and Dq are damping coefficients of the active power and reactive
power, respectively, and J and Ke are the rotating inertia and exci-
tation coefficient. The output of the power regulations are used to
adjust the phase θ and amplitude E of the terminal voltage eabc
with respect to the grid voltage uabc.

For better understanding, both the power calculation and the ter-
minal voltage control are performed under the dq frame transformed
by power constant constraint. In this way, the output instantaneous
active and reactive powers of the VSG under dq frame can be
expressed as [16]

P = edid + eqiq (1)

Q = eqid − ediq (2)

where ed and eq are the terminal voltages in the dq frame, the output
currents in the dq frame, which can be rewritten in the form of
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complex space vectors as

edq = ed + jeq (3)

idq = id + jiq (4)

Therefore, the relationship between the complex power vector S and
the complex vectors edq, idq can be derived as

S = P + jQ

= (edid + eqiq)+ j(eqid − ediq)

= (ed + jeq)(id − jiq)

= edq · i∗dq

(5)

where * denotes the conjugation operation.
In VSG, the output current vector idq is indirectly controlled by

adjusting terminal voltage vector edq with respect to the grid
voltage vector udq, i.e.

idq=
edq−udq
Zgdq

(6)

where Zgdq is the grid impedance in the dq frame.
According to the frequency transformation between dq frame and

αβ frame [17], and considering Zgαβ = sLg + rg, the expression of
Zgdq can be derived as

Zdq(s) = Zab(s+ jvn) = sLg + jvnLg + rg (7)

Moreover, since the control loop of terminal voltage has much
faster dynamics than the power regulation, it is assumed that the ter-
minal voltage edq can accurately follow its reference, with a leading
phase Δθ with respect to udq, i.e.:

edq = E · ej0 (8)

udq = U · e−jDu (9)

where the physical meanings of E and U are the root-mean-square
(RMS) values of the line-line terminal voltage and grid voltage,
respectively.

Substituting (6)–(9) into (5), yielding

S = edq.
edq − udq
Zgdq

( )∗
= E2 − EU · ejDu

sLg + rg − jvnLg

≃E2 − EU (1+ jDu)

sLg + rg − jvnLg
= E.DE − jEU · Du

sLg + rg − jvnLg

(10)

where ΔE=E−U denoting the difference between the VSG termin-
al voltage and grid voltage.

As a result, the output instantaneous active power and the react-
ive power of VSG can be rewritten as

P = Re(S)

= vnLgEU

(sLg + rg)
2 + (vnLg)

2︸����������︷︷����������︸
GuP (S)

· Du+ (sLg + rg)E

(sLg + rg)
2 + (vnLg)

2︸����������︷︷����������︸
GEP(S)

· DE

(11)

Q = Im(S)

= vnLgE

(sLg + rg)
2 + (vnLg)

2︸����������︷︷����������︸
GEQ(S)

· DE + −(sLg + rg)EU

(sLg + rg)
2 + (vnLg)

2︸����������︷︷����������︸
GuQ(S)

· Du

(12)

Therefore, according to (11), (12) and Fig. 1, the control block
diagram of power control loops can be given by Fig. 2.

3 Mechanism of synchronous frequency resonance (SFR)
and power loop coupling

According to Fig. 2, the active power loop and reactive power loop
are coupled with each other due to GθQ(s) and GEP(s). Moreover, all
GθP(s), GEQ(s), GθQ(s) and GEP(s) contain a pair of conjugate poles,
which can be expressed as

S1.2 = −rg/Lg + jvn (13)

When the passive damping in the grid impedance is weak, i.e.
R/(Lωn) ratio is low, the poles will move closer to the imaginary
axis. As a result, the oscillation can be potentially triggered near
the synchronous frequency ωn, namely SFR. Fig. 3 gives the FRs
of GθP(s), GEQ(s), GθQ(s) and GEP(s) when R/(Lωn) = 1%. There
are resonance peaks and −180° phase jump at the synchronous fre-
quency (50 Hz).

Referring to (10), it can be seen that if Zgdq only contains real part
Zgdq = sLg + rg, the complex power vector S can be simplified as

S ≃ E

sLg + rg
· DE − jEU

sLg + rg
· Du (14)

Fig. 1 Topology and control scheme of VSG

Fig. 2 Control block diagram of power control loops
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Then the active power (the real part of S), can be regulated by ΔE,
while the reactive power (the imaginary part of S) can be regulated
by Δθ. On the other hand, if the Zgdq only contains the imaginary
part, i.e. Zgαβ= jωnLg, the complex power vector S can be simplified as

S ≃ EU

vnLg
· Du+ jE

vnLg
· DE (15)

Then, the active power and reactive power can also be regulated inde-
pendently by adjusting Δθ and ΔE, respectively.

For both of the two cases, the coupling effect between the power
control loops does not exist. Moreover, no conjugate poles are gen-
erated. In this sense, both the coupling effects and the SFR hazard
are resulted by the mixed real and imaginary parts of Zgdq. This
characteristic is introduced by the frequency shift operation
during the transformation from αβ frame to dq frame.

Fig. 4 gives the FRs of Zgαβ and Zgdq. Since the inductance tends
to be zero for the dc component, therefore, Zgαβ is approximated to
the resistance of rg near the zero frequency and an anti-resonance
peak would be formed if rg is small. This anti-resonance peak
would be moved to negative synchronous frequency −ωn for
Zgdq. According to (10), the complex power vector S is proportion
to the conjugation of grid admittance 1/Z∗

gdq, of which the FR is
shown by the dotted line in Fig. 4. As a result, a resonance peak
would be generated in the power loops at the positive synchronous
frequency ωn.

4 Suppression of SFR

A straightforward method to damp the SFR is to increase the R/L
ratio, which can be implemented using the virtual resistor techni-
ques [13]. However, this method can only tune the conjugate
poles, as shown in (13), away from the imaginary axis instead of
removing them. As a result, these poles may still impose significant
impacts on the power control.

First, the active power and reactive power control are still coupled
with each other, which make it difficult to tune the parameter of
power regulation. Moreover, increasing R/L tends to make the coup-
ling between active power and reactive power more severe, and
multi-input–multi-output stability analysis should be performed to
ensure the stability of the system [18]. Another major issue lies is

Fig. 4 Frequency shift effect on the grid impedance in dq frame

Fig. 3 FRs of the control plant for power loops

Fig. 5 FR of active power control loop gain

Fig. 6 Phase-amplitude cross-regulation scheme

Table 1 Main circuit parameters of VSG

Parameters Value Parameters Value, pu

grid voltage U
(L–L RMS)

400 V (1 pu) filter inductor Lf 0.02

rated power S 10 kVA (1 pu) filter capacitor Cf 0.01
fundamental
frequency fn

50 Hz grid inductor Lg
(short circuit ratio

(SCR) = 3)

0.33

switching frequency fs 10 kHz grid resistor rg 0.0033

Table 2 Control parameters of VSG

Parameters Case I Case II

inertia J 0.31 0.0031
excitation gain Ke 1.59 0.04
P damping coefficient Dp 127 3.18
Q damping coefficient Dq 100 2.5
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that this pair of poles creates a −180° phase lag, which can impose a
great limitation on the power control bandwidth. Fig. 5 shows the
FR of active power control loop gain. Considering the inertia J
and the pure integrator 1/s in the active power loop, the phase lag
introduced by the conjugate poles make the phase angle of the
active power loop approach to −360° after the synchronous fre-
quency. Therefore, even when the resonance peak is damped by
the virtual resistor rv, it is still difficult to increase the control band-
width beyond the synchronous frequency.

Therefore, it is desirable to remove the conjugate poles to de-
couple the power controls and free the power bandwidth limitation.
In this paper, the phase-amplitude cross-regulation scheme is pro-
posed to achieve this target, as shown in Fig. 6, where the transfer
functions of coupling terms are given by

GuE(s) =
U

vn

s+ rg
Lg

( )
(16)

GEu(s) = − 1

Uvn
s+ rg

Lg

( )
(17)

In this way, the equivalent control plant of power loop can be
derived as

G′
uP(s) = GuP(s)+ GuE(s) · GEP(s) =

EU

vnLg
(18)

G′
uQ(s) = GuQ(s)+ GuE(s) · GEQ(s) = 0 (19)

G′
EP(s) = GEP(s)+ GEu(s) · GuP(s) = 0 (20)

G′
EQ(s) = GEQ(s)+ GUu(s) · GuQ(s) =

E

vnLg
(21)

As a result, both the conjugate poles and the power loop coupling
can be removed.

Fig. 8 Bode diagram of power loop gains with parameters of Case II

Fig. 7 Bode diagram of power loop gains with parameters of Case I

Fig. 9 Suppression of the SFR
a Using virtual resistor
b Using proposed method
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5 Simulation verification

The parameters of the VSG is shown in Tables 1 and 2. Figs. 7 and
8 show Bode diagrams of power loop gains with parameters of Case
I and Case II in Table 2, respectively.

5.1 Suppression of the SFR

To verify the suppression of the SFR, both the virtual resistor and
the proposed phase-amplitude cross-regulation are disabled at
t = 2.0 s, and then are enabled again at t = 3.0 s, as shown in
Fig. 9. An obvious SFR is generated without damping control.
Moreover, both the virtual resistor and proposed method can effect-
ively suppress the SFR.

5.2 Transient stability

Fig. 10 presents the dynamic waveforms with the step change of
active power reference using control parameters of Case I.

Using the virtual resistor method, a transient instability is trig-
gered due to the step change of the active power, while this transient
instability is eliminated by the proposed phase-magnitude cross-
regulation scheme. It is similar for the step change of reactive
power reference, which is not presented here due to the page limit.

5.3 Control bandwidth breakthrough

Fig. 11 presents the dynamic waveforms with the step change of
power references using control parameters of Case II. The settling
time of the active power control can be much less than the

Fig. 10 Dynamic waveforms with a step change of active power reference
a Using virtual resistor
b Using proposed method

Fig. 11 Improved dynamic waveforms with a step change of
a Active power reference
b Reactive power reference
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fundamental period. Therefore, it verifies that the control bandwidth
of the power control can be increased above the synchronous fre-
quency with the proposed method.

6 Conclusion

By modelling of the power control loop of VSG, the mechanism
underlying the SFR is investigated. It reveals the frequency shift
of the grid impedance in dq frame is the very origin of SFR and
the coupling effects between the active and reactive power loops.
Thus, the phase-amplitude cross-regulation scheme is proposed to
suppress the SFR. In this way, the resonance peaks in the power
control loops are completely removed, and the coupling effects
between the active power and reactive power loops are also elimi-
nated. Therefore, the stability of VSG is greatly enhanced over
the wideband frequency range, and superior power control perfor-
mances can be achieved.

7 References

[1] Blaabjerg F., Teodorescu R., Liserre M., ET AL.: ‘Overview of control
and grid synchronization for distributed power generation systems’,
IEEE Trans. Ind. Electron., 2006, 53, pp. 1398–1409

[2] Wang X., Blaabjerg F., Wu W.: ‘Modeling and analysis of harmonic
stability in an AC power-electronics-based power system’, IEEE
Trans. Power Electron., 2014, 29, pp. 6421–6432

[3] Kazmierkowski M.P., Malesani L.: ‘Current control techniques for
three-phase voltage-source PWM converters: a survey’, IEEE
Trans. Ind. Electron., 1998, 45, pp. 691–703

[4] Harnefors L., Bongiornos M., Lundberg S.: ‘Input-admittance calcu-
lation and shaping for controlled voltage-source converters’, IEEE
Trans. Ind. Electron., 2007, 54, pp. 3323–3334

[5] Messo T., Jokipii J., Makinen A., ET AL.: ‘Modeling the grid synchron-
ization induced negative-resistor-like behavior in the output imped-
ance of a three-phase photovoltaic inverter’. Proc. IEEE Fourth Int.
Symp. Power Electronics for Distributed Generations System, 2013,
pp. 1–8

[6] BoW., Dong D., Boroyevich D., ET AL.: ‘Impedance-based analysis of
grid-synchronization stability for three-phase paralleled converters’,
IEEE Trans. Power Electron., 2016, 31, pp. 26–38

[7] Zhou J., Gole A.: ‘VSC transmission limitations imposed by AC
system strength and AC impedance characteristics’. Proc. Tenth
IET Int. Conf. AC and DC Power Transmission (ACDC), 2012, pp.
1–6

[8] Wu H., Ruan X., Yang D., ET AL.: ‘Small-signal modeling and para-
meters design for virtual synchronous generators’, IEEE Trans. Ind.
Electron., 2016, 63, pp. 4292–4303

[9] Loix T.: ‘Participation of inverter-connected distributed energy
resources in grid voltage control’. PhD dissertation, Katholieke
Universiteit Leuven, Leuven, 2011

[10] Beck H.-P., Hesse R.: ‘Virtual synchronous machine’. Proc. Ninth
Int. Conf. Electrical Power Quality and Utilisation, 2007, pp. 1–6

[11] Chen Y., Hesse R., Turschner D., ET AL.: ‘Improving the grid power
quality using virtual synchronous machines’. Proc. Power
Engineering, Energy and Electrical Drives, 2011, pp. 1–6

[12] Zhong Q.-C., Weiss G.: ‘Synchronverters: inverters that mimic syn-
chronous generators’, IEEE Trans. Ind. Electron, 2011, 58, pp.
1259–1267

[13] Wang J., Wang Y., Gu Y., ET AL.: ‘Synchronous frequency resonance
of virtual synchronous generators and damping control’. Proc. Ninth
Int. Conf. Power Electronics – ECCE Asia, 2015, pp. 1011–1016

[14] Zhang L., Nee H.P., Harnefors L.: ‘Analysis of stability limitations of
a VSC-HVDC link using power synchronization control’, IEEE
Trans. Power Syst., 2011, 26, pp. 1326–1337

[15] Zhang L., Harnefors L., Nee H.-P.: ‘Power-synchronization control of
grid-connected voltage-source converters’, IEEE Trans. Power Syst.,
2010, 25, pp. 809–820

[16] Akagi H., Watanabe E., Aredes M.: ‘Instantaneous power theory and
applications to power conditioning’ (IEEE Press, NJ, 2007)

[17] Wang X., Harnefors L., Blaabjerg F.: ‘A unified impedance model of
grid-connected voltage-source converters’, IEEE Trans. Power
Electron., 2018, 33, pp. 1775–1787

[18] MacFarlane A.G.J., Postlethwaite I.: ‘The generalized Nyquist stabil-
ity criterion and multivariable root loci’, Int. J. Control, 1977, 25, pp.
81–127

J. Eng., 2017, Vol. 2017, Iss. 13, pp. 2574–2579
doi: 10.1049/joe.2017.0792

This is an open access article published by the IET under the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0/)


