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Abstract—The DC side of the grid-forming inverter is usually
simplified as an ideal source when considering the AC dynamics.
However, the DC dynamics actually contain useful information of
the AC side. This paper proposes an improved damping control
for the grid-forming inverter using the DC dynamics. The error of
the DC voltage is introduced into the active power loop through a
proportional controller. As a result, an extra freedom in addition
to the virtual inertia can be adjusted. A small-signal analysis is
carried out in detail to study the impact of the DC dynamics.
Compared with other damping methods, the proposed method
can simultaneously improve the performance of not only the
AC side but also the DC side without increasing the order of
the system The simulation results verify the effectiveness of the
proposed method.

Index Terms—DC dynamics, grid-forming inverter, AC dynam-
ics, loop coupling, damping control

I. INTRODUCTION

To cope with the challenges of the air pollution and the
energy shortage, more and more renewable energy sources
(RESs) are connected into the AC power system, most of
which have the inverters as interfaces [1]. Conventionally,
the inverters are required to output the references though
a vector control without providing other auxiliary services,
which synchronizes to the grid via a phase-locked loop (PLL).
Such inverter is call grid-following (GFL) inverter [2].

However, the lack of frequency and voltage regulation abil-
ity of the grid-following inverters limits a further increasing
of the penetration of the RESs. The power system with a
large penetration of GFL inverters may have small stability
margins or even suffer instability from various disturbances
[3]. Therefore, the grid-forming (GFM) inverter are drawn
much attention lately, where its frequency and voltage can
be kept stable without relying on an external power grid [4].

Although various GFM controls have been proposed, one
of the basic characteristics of them is the droop characteristics
[5]. It can been proved that the droop coefficients provide the
damping equivalently to improve the stability of the system
[6]. Nevertheless, the basic droop control cannot provide
inertia, which is an important index to the power system.
A small inertia leads to a large rate-of-change-of-frequency
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System (REPEPS) project at the Department of Energy Technology, Aalborg
University as part of the Villum Investigator Program funded by the Villum
Foundation.

(RoCoF) and a low frequency nadir, which are harmful to the
frequency stability and frequency-sensitive loads [7]. To keep
the equivalent inertia while increasing the penetration of RESs,
the virtual inertia is combined with the droop characteristics
to form the virtual synchronous generator (VSG) control [8].

The VSG can provides a large inertia at the expenses of
small power oscillations [9]. In this context, the damping
control is one of the most important topics to the VSG-based
GFM inverter, among which changing the droop coefficient
is the simplest method. However, it is not recommended due
to the fact that the droop coefficient is usually determined
by the expected droop characteristics rather than the damping
[10]. Therefore, an extra freedom should be added to regulate
the damping. Based on this principle, a PLL-based damping
strategy is popular [11]. Moreover, the high-frequency com-
ponent of the VSG frequency can be used as well [12]. In
[13], a damping strategy is designed consisting of the terms
of acceleration control and active power suppression. In [10],
it is the virtual flux in the reactive power loop which is used
to construct the damping in the active power loop. There are
other damping methods as well, which have been verified as
useful [14]. Nonetheless, all the above methods increase the
order and complexity of the system due to the use of low-pass
filter, high-pass filter, PLL, etc.

In addition, in the aforementioned methods, the DC side of
the GFM inverter is assumed to be an ideal source. In actual,
the DC dynamics are coupled with the AC dynamics due to the
power balance. In [15], the H∞ optimization is used to design
a multi-input multi-output GFM inverter, which has shown that
the DC dynamics may be beneficial to the performance of the
system, although its detailed influence is not clear.

In this paper, we propose to improve the damping of the
GFM inverter, where the following advantages and contribu-
tions can be achieved compared with the existing methods

1) Only a simple proportional controller is required without
increasing the order and complexity of the whole system.

2) The influence of the DC dynamics are studied in detail
through a small-signal analysis.

3) Both the AC and DC sides of the GFM inverter can be
improved.

The remainder of paper is organized as follows. The prelim-
inary of the GFM inverter is briefly introduced in Section II. In
Section III, the proposed damping control and a detailed small-
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Fig. 1. General configuration of grid-forming converters. (a) Topology with
inner loops. (b) Outer power loops and DC voltage loop.

signal analysis are given. In Section IV, simulation results are
shown, and finally, conclusions are given in Section V.

II. PRELIMINARY OF VSG-BASED GRID-FORMING
CONVERTER

Fig. 1 shows the general configuration of a conventional
VSG-based grid-forming power converter. The power stage
consists of a typical three-phase inverter as well as an LC
filter, where L f and C f are the inductor and capacitor of the
filter. To consider the DC voltage dynamics, the DC source is
represented by a controlled current source iu paralleled with a
DC capacitor Cdc. As shown in Fig. 1(a), a cascaded voltage
and current control loop is usually used as the inner loop to
regulate the inductor current and capacitor voltage of the filter
[1]. Therefore, the outer loops are supposed to provide the DC
current signal iu, the voltage references vdqre f , and the angle
for tranformation θ .

As shown in Fig. 1(b), the outer control of the VSG includes
a DC voltage control loop, an active power control loop,
and a reactive power control loop. Mostly, the DC voltage

control uses a simple PI controller, where the state-space
representation can be expressed as

ζ̇ =Vdcre f − vdc (1)
iu = kidcζ + kpdc(Vdcre f − vdc)+ iu0 (2)

where ζ is the state variable of the DC voltage control,
Vdcre f and vdc are the reference and actual values of the DC
voltage, respectively, kpdc and kidc are the parameters of the
PI controller, and iu0 is the set-point value of iu.

The active power control of the VSG emulates the swing
equation, which can be expressed as [8]

2Hω̇u =
1

Dp
(ω0−ωu)+Pre f − p (3)

θ̇ = ωbωu (4)

where H is the virtual inertia constant, ωu and ω0 is the virtual
angle frequency and its set-point value, Pre f and p are the
reference and actual values of the active power, Dp is the
droop coefficient of the active power control, and ωb is the
base value of the angle frequency.

The reactive power control of the VSG is based on the droop
characteristics as well, where the dynamics can be expressed
as

Ėu = kq(Vre f −V )+ kqDq(Qre f −q) (5)

where Eu is the internal voltage of the VSG and is used as
vdre f as shown in Fig. 1, Vre f and V are the reference and
actual values of the magnitude of the capacitor voltage, Qre f
and q are the reference and actual values of the reactive power,
kq is the interal gain, Dq is the droop coefficient of the reactive
power control.

III. PROPOSED DC VOLTAGE CONTROL STRATEGY

A. Problem and proposed control structure

Considering an inductive grid, due to the high bandwidths of
the cascaded voltage and current loops and the quick dynamics
of the line, the active power p can be expressed as

p =
VVg

Xg
sinδ (6)

where Vg is the magnitude of the grid voltage, Xg is the
synchronous reactance of the line, and δ is the angle difference
between the VSG and grid reference frames and can be
calculated by

δ̇ = ωbωu−ωbωg (7)

where ωg is the grid frequency.
Moreover, if neglecting the power loss of the power stage

of the GFM converter, according to Fig. 1(a), the DC power
can be estimated using the output active power p. Therefore,
the dynamics of the DC capacitor can be expressed as

v̇dc =
ωb

Cdc
iu−

ωb p
Cdcvdc

(8)
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Fig. 2. Small-signal block diagram of active power balance of conventional
GFM converter.

The nonlinear model dominating the active power balance
of the VSG consists of (1)-(3) and (6)-(8). Thereafter, the
corresponding small-signal model can be derived as

∆ζ̇ = ∆Vdcre f −∆vdc (9)
∆iu = kidc∆ζ + kpdc(∆Vdcre f −∆vdc) (10)

∆ω̇u =−
1

2HDp
∆ωu−

1
2H

∆p+
1

2H
∆Pre f (11)

∆p =
V 0Vg

Xg
cosδ 0∆δ (12)

∆δ̇ = ωb∆ωu (13)

∆v̇dc =
ωb

Cdc
∆iu−

ωb

Cdcvdc 0
∆p+

ωb p 0

Cdcv2
dc 0

∆vdc (14)

where ”∆” denotes the small-signal variable the subscript ” 0”
denotes the used operating point to linearize the system. The
small-signal block diagram is shown in Fig. 2 and the state
equation of the DC voltage control and active power control
is derived as

∆ẋ=AV SG∆x+BV SG∆u (15)

where

x=
[
ωu δ vdc ζ

]T
, u=

[
Pre f Vdcre f

]T (16)

AV SG =


− 1

2HDp
−V 0Vgcosδ 0

2HXg
0 0

ωb 0 0 0

0 −ωbV 0Vgcosδ 0
Cdcvdc 0Xg

ωb(p 0−kpdcv2
dc 0)

Cdcv2
dc 0

ωbkidc
Cdc

0 0 −1 0


(17)

BV SG =

[
1

2H 0 0 0
0 0 ωbkpdc

Cdc
1

]T

(18)

The eigenvalues of the upper 4th-order model can be tuned
by only three parameters, i.e., H, kpdc, and kidc. Therefore, at
least an extra freedom is expected to be introduced.

It is noticed from Fig. 2 that the dynamics of ∆vdc is
influenced by the AC variables, i.e., ∆p, which implies that
the DC dynamics are coupled with the AC dynamics. In most
of the conventional GFM control methods, this coupling is
neglected as the DC side is represented by an ideal source.
Donating

Gω p(s) =−
1

2Hs+1/Dp
(19)
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Fig. 3. Proposed novel control structure of GFM converter.

GDCp(s) =−
ωbvdc 0s

Cdcv2
dc 0s2 +ωb(v2

dc 0kpdc− p 0)s+ωbv2
dc 0kidc

(20)

there are, from Fig. 2, that

∆ωu

∆p
= Gω p(s),

∆vdc

∆p
= GDCp(s) (21)

where the following equation can be derived

∆vdc

∆ωu
=

GDCp(s)
Gω p(s)

(22)

The upper equation present the relationship between ∆vdc
and ∆ωu, which implies that ∆vdc may provide a similar
damping function with ∆ωu. According to the aforementioned
analysis, this paper tries to improve the dynamics of the
GFM converter taking advantages of the coupling between
the AC and DC dynamics. To do so, a new control structure
is proposed as shown in Fig. 3, where an additional signal,
i.e., the DC voltage error, is introduced into the active power
control from the DC voltage control. As a result, the new
mathematical expression of the active power control can be
expressed as

2Hω̇u =
1

Dp
(ω0−ωu)+Pre f − p+ kp(Vdcre f − vdc) (23)

where kp is a control gain. It should be mentioned that, in
the steady-state, vdc =Vdcre f is guaranteed by the DC voltage
control. Therefore, the proposed method does not influence
the steady-state droop characteristics. Meanwhile, no other
additional filter is needed as well, which makes the new
structure simple without increasing the order of the system.

B. Small-Signal Analysis

Linearizing (24) yields

∆ω̇u =−
1

2HDp
ωu−

1
2H

∆p−
kp

2H
∆vdc +

1
2H

∆Pre f

+
kp

2H
∆Vdcre f (24)

which combining with (9), (10),(12)-(14) construct the new
small-signal model with the proposed method. Accordingly,
the updated small-signal block diagram of the active power
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balance of the GFM converter is shown in Fig. 4. Therefore,
the following state equation can be derived:

∆ẋ=Anew∆x+Bnew∆u (25)

where

Anew =


− 1

2HDp
−V 0Vgcosδ 0

2HXg
− kp

2H 0
ωb 0 0 0

0 −ωbV 0Vgcosδ 0
Cdcvdc 0Xg

ωb(p 0−kpdcv2
dc 0)

Cdcv2
dc 0

ωbkidc
Cdc

0 0 −1 0


(26)

BV SG =

[
1

2H 0 0 0
kp
2H 0 ωbkpdc

Cdc
1

]T

(27)

By comparing (26) with (17), it is observed that kp is added
and can be used to tune the locations of the eigenvalues.
Considering the steady-state operating point and parameters
in Table I, Fig. 5 shows the loci of the eigenvalues when kp
changes from -20 to 20 with different H. As observed, there
is a negative real eigenvalue, which is always far away from
the imaginary axis and is not affected by H and kp. Both
H and kp will influence the other three eigenvalues. As H
increases, all the three affected eigenvalues move towards the
imaginary axis in the left-hand s-plane. Therefore, although a
larger H can decrease the oscillatory frequency, i.e, RoCoF, the
stability and settle time may be highly deteriorated. That is the
reason why only H is not adequate to tune the dynamics in the
conventional VSG. In comparison, a large kp make the affected
negative real eigenvalue move towards left. Meanwhile, it is
also observed that kp will influence both the damping ratio
and oscillatory frequency. Thus, with the help of kp, a small
oscillation can be achieved while still keeping a small RoCoF.

IV. SIMULATION RESULTS

In this section, the effectiveness of the proposed method is
verified via time-domain simulations in Matlab/Simulink. The
system is the same as Fig. 1, where the parameters are listed
in Table II. The disturbances are added as follows:
• t = 5 s, Pre f increases from 0.5 p.u. to 1 p.u.
• t = 8 s, Vdcre f increase from 1 p.u. to 1.01 p.u.
Fig. 6 presents the simulation results of the conventional

VSG with different inertia constant H. As expected, a larger

TABLE I
STEADY-STATE OPERATING POINT AND PARAMETERS FOR

SMALL-SIGNAL ANALYSIS

Symbol Value Symble Value

V 0 1 p.u. δ 0 0.0435 rad
vdc 0 1 p.u. p 0 0.5 p.u.
Vg 1 p.u. Xg 0.087 p.u.
ωb 100π Cdc 15.4 p.u.
kidc 150 Dp 0.01 p.u.
kpdc 40
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Fig. 5. Loci of the eigenvalues when kp changes from -20 to 20 with different
H.

H decreases the oscillatory frequencies of the output power
p and frequency ωu, which implies, especially, a smaller
RoCoF. Nevertheless, there always are large oscillations to
be observed. Moreover, it is worth highlighting that, from
Fig. 6(c), the disturbance in the AC side will also lead to
oscillations in the DC dynamics, where the smaller H is the
more quickly vdc decreases. Meanwhile, dynamic with the
smallest H = 2 s has the lowest transient DC voltage. It is
also noticed that the DC disturbance will not influence the
AC dynamics in the conventional VSG.

Now considering the proposed GFM control, Fig. 7 presents
the simulation results with different kp while H is kept as 8
s to have a small RoCoF. As observed, kp does not change
the response speeds at the beginning of the disturbance of
various variables, e.g., the RoCoF. However, a negative kp can
decrease the overshoot of the active power and the maximum



TABLE II
PARAMETERS OF STUDIED SYSTEM

Symbol Description Value

fn Nominal frequency 100π rad/s
Sn Nominal power 5 kW
Vn Nominal line-to-line RMS voltage 380 V

Vdcn Nominal DC voltage 700 V
ωg Grid frequency 100π rad/s (1 p.u.)
Vg Line-to-line RMS grid voltage 380 V (1 p.u.)
Lg Line inductor 8 mH (0.087 p.u.)
Rg Line resistor 0.24 Ω (0.008 p.u.)
C f Filter capacitor 5 µF (0.0454 p.u.)
L f Filter inductor 3 mH (0.0326 p.u.)
Cdc DC capacitor 500 µF (15.4 p.u.)
Dp Droop coefficient of P- f regulation 0.01 p.u.
Dq Droop coefficient of Q-V regulation 0.05 p.u.
ωset Frequency reference 1 p.u.
Pset Active power reference 0.5 p.u.
Qset Reactive power reference 0 p.u.
Vset Voltage magnitude reference 1 p.u.
kq Gain of reactive power control 10

kpdc Proporional gain of DC control 40
kidc Integral gain of DC control 150

frequency deviation, and improve the DC dynamics responding
to a AC disturbance. It is also observed that, as the DC
dynamic is introduced in the AC side, the AC variables will
be influenced more obviously when there is a DC disturbance.
Nevertheless, the impact is quite small.

V. CONCLUSION

This paper proposes a new grid-forming control strategy
with an enhanced damping ability. The additional damping
is achieved via dynamics coupling between the AC and DC
sides. A detailed small-signal analysis is carried out. The ef-
fectiveness of the proposed method is verified by time-domain
simulations. The results show that the proposed method can
decrease the oscillations in the DC and AC sides while keeping
a small RoCoF using only simple proportional controller
without increasing the complexity of the system.
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