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Abstract— Distributed virtual inertia provided by grid-
friendly power converters is emerging as an effective way for
inertia enhancement and frequency regulation improvement in
more-electronics power systems. However, most existing
methods attempt to generate distributed virtual inertia by grid-
following power converters. As compared with conventional
grid-feeding power converters, grid-forming power converters,
i.e. the ones controlled as ac voltage sources, are more promising
owing to their capabilities of voltage and frequency regulation.
As such, this paper explores the possibility of inertia emulation
by grid-forming power converters. Through the stability
analysis, it is revealed that the instability issue is associated with
typical virtual inertia control. Further, a lead-lag compensator
is introduced to resolve this issue. To better stabilize the system,
a detailed small signal model is derived, and the sensitivity
analysis is applied to study the critical poles.

Keywords— virtual inertia, grid-forming power converters,
small signal model, stability

I. INTRODUCTION

The ever-increasing penetration level of power
electronics-based renewable generation systems reduces the
proportion of synchronous generators (SGs) in modern power
systems. As a result, the power system inertia mainly
contributed by synchronous generators continues to decrease.
Further, the lack of inertia translates into poor frequency
regulation performances and even grid failures.

As a solution, the concept of distributed virtual inertia
provided by grid-friendly power converters has been proposed
in the hope of improving the inertia level of more-electronics
power systems [1]. From the grid’s perspective, grid-friendly
power converters can be broadly classified into two types —
the grid-feeding ones which are equivalent to ac current
sources and the grid-forming ones which are controlled as ac
voltage sources[2], i.e. voltage-controlled converters (VCCs).
Specifically, grid-feeding power converters simply regulate
their output currents or power and follow the grid without
regulating the grid voltages. In contrast, grid-forming power
converters regulate voltage and frequency directly as SGs do.
They allow the seamless transition between grid-tied and
standalone operation. The fragile phase-locked loops (PLL)
are not necessarily required for a VCC on account of the self-
synchronization characteristic of grid-forming converters [3].
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VCCs form the power grid, and therefore at least one such
converter is required in electronics-based power systems.
Nevertheless, previous research works focus more on inertia
emulation by grid-following power converters, and the
implementation of providing virtual inertia with grid-forming
power converters remains to be explored.

The concept of virtual synchronous machines (VSMs) was
proposed to emulate the inertia characteristics and the droop
mechanisms of SGs with grid-forming converters [4]. This
paper reveals that implementing inertia with grid-forming
converters may introduce instability issues. The droop
mechanism damps the oscillation caused by implementing
virtual inertia with grid-forming converters [5], while the
droop mechanism will lead to continuous active power outputs
when the grid frequency deviates from the nominal value. As
a result, the performance of the droop control is limited by the
dc-link source capacity. To address the instability issue and
better damp the oscillation, an inertia emulation strategy for
grid-forming power converters is proposed in this paper. As a
solution for the instability issue, a lead-lag compensator is
introduced.

Further, a detailed small signal model including the plant
model, the current and voltage controllers and the power
controllers is further developed. The relationships between the
eigenvalues of the small signal model and the system
parameters are studied with sensitivity analysis [6]. Based on
the sensitivity analysis results, the control parameters are
further chosen to make the system more stable.

II. INERTIA EMULATION BY GRID-FORMING POWER

CONVERTERS

Fig. 1 shows the system configuration, where the grid-
forming power converter is connected to the grid through an
LCL filter composed of Lgi, Cor and Lgg, and L, denotes the
line inductance. The dc side of the grid-forming converter is
a dc voltage source whose amplitude is vq.. The basic
objectives of grid-forming power converters are to regulate
the power flow through controlling the amplitude vy rr and
phase angle ¢ of vguse, 1.€., the voltage across Cgr.

As seen in Fig. 1, the controllers are implemented in the
synchronous dg-frame. The power controller generates two
inputs for the ac voltage controller, namely ¢ and vgr rer. Then
the output of the voltage controller, i.e. Vg4 are transformed



| Grid-forming power converter Grid |
S S s |
| glJ '61} gﬂ E} gﬂ E} Lgi Igiahe  Vefabe Ly | L, Iggabe ¥sabe |
| A, YY) Nm_rvm_,_JJ_é@_ |
YYY Ll |
| NP LA B, ,2 , er\_l_rvww_ﬂ,_@_ |
Co =YV N J_ NN () |
+
| Sgd Sgd ';l} Sgd ';I} Cy == :|: _I_ | |
.__________________L ______ J
TPWM]_ﬁ . v g[’lbc¢Vgﬁlbi Tggabe Vsabe
Wt+o [—— ———
SPWM —>»  abctodg |  pL |
A . + . . - -
i Vgiabe lgidg Vefdq W+ ’gidqvvgquv lggdq Wyt
wst+o Vgidg < Preg, Orer
—» dqtoabc [€ Ac voltage controller | Verrer | Power controller
Fig. 1. Schematic diagram of a grid-forming power converter.
from the dg frame into the abc frame and fed into the pulse
width modulator (PWM) to generate gate drive signals for the 1
power switches Sg1 to Sgs. P
The current phasor is derived as: - __ — [ — .
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where V,rand Vi are the converter voltage amplitude and the : Swing Equation : : Linearized quer :
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difference between the voltage across C,r and the grid
voltage, X7 = jwo(LgTLs) is the lumped impedance consisting
of line impedance and grid side impedance, and w, stands for
the nominal grid frequency. Further, the active power P and
the reactive power Q injected into the grid can be calculated
as follows:
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Similar to the control of SGs, grid forming converters usually
regulate the phase angle ¢ and voltage amplitude Vg to
control the active power P and reactive power Q output,
respectively [3]. When the power angle J is smaller than 0.1
rad, the coupling effect between the active power and reactive
power control can be neglected [5], and the active power
angle equation can be linearized as

Vv,
2X

T
where the prefix A refers to the perturbed quantity. According
to the well-known swing equation [7]

dA
(AP, . —AP)=2H % )

and the linearized power angle equation (4), a simplified
active power control loop for grid-forming power converters
with distributed virtual inertia is shown in Fig. 2, where the
subscript pu denotes the per unit notation, prr and pg .
represent the power reference and the converter output

AP = AS “

Fig. 2. The simplified active power control loop.

electrical power, wo is the fundamental angular frequency, @
stands for the electrical angular speed, P, is the nominal
power, and H is the inertia constant. To be specific, a larger
value of H translates into higher inertia, indicating improved
frequency regulation in terms of rate-of-change-of-frequency
(RoCoF) and frequency nadir [3].

However, this system is unstable as it has a pair of poles,
. . . [BwoVg Vs . . .
1.€. =+ = +4j |[—2=, on the imaginary axis. To
S12 = Xjwp = Xj APHXy ginary

stabilize the system, a lead-lag compensator
K. s+w
G, (s)= 4 (6)
s+,

is introduced into the power controller, in which w. denotes
its passband frequency, and K is the compensator gain. By
selecting the compensator parameters coarsely to make w, €

(%, ), the phase boost can make the system stable, and the
f

lead-lag compensator will not change the steady-state gain of
the original controller as Gz (0) = 1. As a result, the designed
grid-tied VCC is stabilized without introducing droop
mechanism, which is restricted by the dc source capacity.
Next section will give a detailed model of grid-forming
power converters, based on which the stability analysis and
stability enhancement method will be carried out. With the
sensitivity analysis, the values of w. and Krare adjusted more
precisely to make the corresponding poles more left to the
imaginary axis.
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Fig. 3. Small signal model of grid-forming power converters.

III. SMALL SIGNAL MODELING AND SENSITIVITY ANALY SIS

Lead-Lag Fig. 3 shows the small signal model of grid-forming
Compensator power converters, where the subscript dq is used to represent

1 Ksta |Aow[ 4 |AS signals in the synchronous dg-frame. Moreover, the signals
[~ - » — |—»  without the subscript ¢ are in the plant dg-frame, while the
2Hs StO, S subscript ¢ refers to signals in the control dg-frame (note that
vsg = 0 and vgy - = 0). The model is mainly divided into 3

Ky |AVairer rt ly the active and react I, th
Thai parts, namely the active and reactive power control, the
S voltage and current control, and the plant. Because the control

frame leads the plant frame by J, frame rotations are required
for signal transformations.

The models in Fig. 3 are further detailed in Fig. 4 to Fig.
8. Specifically, the active and reactive power control model
Fig. 4. Control for active and reactive power. is shown in Fig. 4, where the proposed lead-lag compensator
aims to stabilize the system. Fig. 5 depicts the voltage and
current control model, where the current and voltage

K, Algia « controllers are implemented as PI controllers, and
Avgq AV ret 1— 1577; s
- _ . )
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K, +—3 K, +— »(G,(s)f— linearized with Pade approximation, in which 7 is the
+ S 3 S sampling period of the system. Fig. 6 visualizes the plant
Avery of = . model of the system shown in Fig. 1 in the dq frame, Fig. 7
K Aigig gives the power calculation model, and Fig. 8 illustrates the
i frame rotation models, where the variables in the upper case
are the steady-state values of those in the lower case.
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Fig. 6. Plant model.
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Fig. 7. Power calculation.

is built to combine the models in Fig. 3 together, where u is
the input vector [ Apref pu Agret pu Avsa Avgg] T, X is the state
vector [ Axpe Axpe Ad Axpe Axva AXvg AXca Axeq AXdad AXag Nigia
Aigig Avgrs Avgyy Aigga Aiggg 17, and A, B are shown in the
appendix. The input vector u contains the power references
and the grid voltages in the dg frame, and the state vector X is
composed of the states in Fig. 4 to Fig. 6. The eigenvalues of
A are shown in Fig. 9, indicating that the system without the
lead-lag compensator (i.e., Kr= 1) will be unstable.

To determine the influence of each design parameter on
the system stability, the sensitivity analysis is carried out. The
following equation describes the sensitivity of the n®
eigenvalue to the k” parameter [3]:

(I)TaiA
94, _ "op, ©)
apk q)z‘lln

where ®, and ¥, denote the left and right eigenvectors
associated with the n eigenvalue A, of A, respectively. As
the system stability is determined by the real part of
eigenvalues, its sensitivity analysis is more of interest. Fig.
10 shows the sensitivity analysis of the real part of critical
poles in Fig. 9. The positive sensitivity means that increasing
the parameter will move the corresponding pole rightwards.
Alternatively, the negative sensitivity suggests that
increasing the parameter will move the corresponding pole
leftwards. According to Fig. 10, increasing K, will decrease
the real part of the critical poles, as indicated by Fig. 9. The
remaining parameters may also be tuned by the sensitivity
analysis result.
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Fig. 9. Eigenvalues of A when K;= 1 and K= 5.
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Fig. 10. Sensitivity analysis of critical poles.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Fig. 11 illustrates the active and reactive power responses
of the small signal model and the simulation (under the
Matlab/Simulink environment) under a 10% active power
reference step-up change, where the close resemblance
between the two cases can be easily noticed.

Fig. 12 demonstrates the frequency regulation
performances, where the inertia emulated by the grid-
forming converter is compared with the ideal power system
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Fig. 8. Linearized frame rotation model.
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Fig. 11. Active and reactive power responses of small signal model
and simulation under a 10% step-up active power reference change.
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Fig. 12. Frequency responses of the power systems with and

without VCC under a 5% step-up load change.

inertia. In the first and second cases, the power systems are
operated with the synchronous generator alone, and the
relevant inertia constants are H = 5 s and H = 10 s,
respectively. In the third case, the grid-forming power
converter featuring an inertia constant Hycc of 5 s is operated
in parallel to the synchronous generator with H = 5 s. The
simulation result indicates that the virtual inertia provided by
the grid-forming converter is almost identical to the power
system inertia.

Experiments were carried out to further demonstrate the
effectiveness of modeling, stability analysis, and stability
improvement. The grid forming converter is controlled by the
dSPACE (Microlabbox), and the grid is emulated by the
Chroma Regenerative Grid Simulator. The system
parameters and the control parameters are shown in TABLE
Iand TABLE II. Before being connected to the grid, the grid-
forming power converter synchronizes with the grid through
a PLL until there are no phase and voltage amplitude
differences.

The experimental results shown in Fig. 13 verify the
stability enhancement by adding the lead-lag compensator.
When K/ changes from 5 to 1, the lead-lag compensator is
bypassed. Meanwhile, the output active power pg . of the

TABLE L. System Parameters.

System Parameter
Description
Symbol Value
Nominal frequency fu 50 Hz
Nominal phase voltage amplitude Va 20V
Grid phase voltage amplitude Vs 20V
LC filter converter side inductance Ly 2 mH
LC filter capacitance Cy 40 pF
Grid resistance Ry 0Q
Grid inductance L 5 mH
DC link voltage Ve 50V
Nominal power P, 100 W
TABLE IIL Control Parameters.
L. Control Parameter
Description
Symbol Value
Sampling rate fa 10 kHz
Inertia constant H Ss
Lead-lag compensator cut-off frequency [O8 52
Reactive power integral gain Ky 10
Current controller proportional gain Ko 04
Current controller integral gain K. 0
Current controller feedback gain K 1.6
Voltage controller proportional gain K, 0.2
Voltage controller integral gain K. 70
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Fig. 13. Experimental waveforms of the converter output voltages
and power with Ky =5 and Ky =

grid-forming converter starts to diverge,
unstable system.

indicating an

V. CONCLUSION AND FUTURE WORK

This paper achieves inertia emulation by using grid-
forming power converters. A detailed small-signal model is
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