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Abstract—Actively maintaining system frequency and
voltage, grid-forming (GFM) inverters that embed a syn-
chronous machine emulation may exhibit interactions with
other voltage sources in the grid, leading to poorly-damped
power oscillations. To enhance the damping of oscillations,
massive studies have been conducted. However, the exist-
ing solutions are sometimes implicitly equivalent to one
another or mainly concentrate on a single performance
aspect of GFM control. In this article, a generic control
scheme capable of incorporate established GFM controls
is first proposed. Afterwards, two design approaches are
developed, simultaneously considering main performance
aspects of GFM control: reference tracking, disturbance
damping, and inertial response. Employing the developed
control scheme with design approaches, three main per-
formance aspects can be quantitatively evaluated in se-
quence while maintaining explicit relationships with their
own indexes. Finally, experimental results from a 2.2 kW
GFM inverter have validated the effectiveness of the active-
damping controls, design approaches, and theoretical anal-
yses presented in this study.

Index Terms—Active damping, grid forming (GFM) con-
trol, inertial response, virtual synchronous generator (VSG).

[.  INTRODUCTION

RIVEN by the growing demand for renewable electricity,
D synchronous machines, which are crucial for maintaining
system stability, is going to be gradually replaced by inverter-
based resources (IBRs) [1], [2]. Within this context, there have
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been increasing pioneering efforts in studying the future power
system. For instance, the role of industrial electronics has been
extensively discussed by Liserre et al. [3], the reliable integra-
tion of wind farms has been thoroughly investigated by Chen
et al. [4], and unreliability tracing theories have been proposed
by Xie et al. for critical element identification [5]. Addressing
system stability and reliability issues, the grid-forming (GFM)
inverter that emulates synchronous machines has been taken as
a feasible solution for the future power system in recent years
[6], and massive work has been conducted on their modeling,
control and implementation [7], [8], [9].

In the literature, various GFM control methods that emulate
the synchronous machine, including droop control, power syn-
chronization control, and virtual synchronous generator (VSG)
techniques, have been developed for GFM inverters. To have
sufficient support for system inertia, inertia emulation receives
significant popularity in the GFM controls [10]. Nevertheless,
incorporating synthetic inertia in the GFM controls inevitably
undermines the damping ratio, causing poorly-damped power
oscillations [11]. For an effective power oscillation mitigation,
active-damping controls have been proposed and incorporated
into GFM controls [12]. These active-damping controls can be
classified into two categories depending on the control design
considerations: the controls with inertial-response preservation
and the controls without inertial-response preservation.

For active-damping control methods that do not incorporate
an inertial-response preservation, the focus has been placed on
mitigating power oscillations excited by the set-point variation
or external disturbance. For example, an additional damping
correction regulator that incorporates the reactive power con-
trol (RPC) command into the active power control (APC) has
been developed by Dong et al. in [13]. Rather than using RPC
commands for extra damping, Sun et al. have proposed, in
[14], a stabilizer to incorporate APC information into the RPC.
Through the integration of RPC and APC, additional degrees
of freedom (DOF) are involved, allowing the damping factor
to be adjusted by tuning the interconnection loop. However,
for proper tuning, a detailed model that includes both RPC and
APC is essential, and heuristic algorithms could be necessary.
Moreover, by integrating multiple high-pass filters (HPFs) into
the APC, Yang et al. have developed supplementary damping
terms in [15] to reshape the APC frequency response. Without
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any interconnections between the RPC and APC, the parameter
tuning is simplified, allowing analyses in the frequency domain
to be applied. Utilizing multiple filters solely in the APC, Liu
et al. have developed a state-feedback damping control for the
power oscillation mitigation, as detailed in [16]. It enables clas-
sical pole placement to quantitatively adjust the damping factor
of the system. Different from the solutions presented in [15] and
[16], in [17], [18], [19], and [20], fewer filters are integrated
into the APC, resulting in a significant reduction in the control
design complexity. More specific, Chen et al. have incorporated,
in [17], a HPF together with a low-pass filter (LPF) into the state
feedback control. Wang et al., in [18], have applied a single HPF
for the active power feedback. Fu et al. and Mandrile et al. have
implemented lead-lag filters in the active power feedback loop,
as detailed in [19] and [20]. Furthermore, instead of applying
filters, a proportional feedforward of frequency deviation has
been proposed in [21] to attain supplementary damping. These
solutions demonstrate effectiveness in improving the damping
factor; however, the inertial response could be significantly
compromised.

Taking into account the inertial-response preservation, sev-
eral active-damping control methods have been developed in
the literature. For example, the virtual damping loop proposed
by Shuai et al. in [22] is applied to simultaneously attenuate
power oscillation and enhance inertial response. In [23], Meng
et al. developed a generalized droop control method through
the reconstruction of the APC. This approach simultaneously
achieves effective damping and inertial-response enhancement.
Resolving the potential noise-amplifying issue associated with
the utilization of the derivative operator in [23], Rathnayake
et al. proposed a generalized VSG control method in [24] to
tackle the same problem. In [25], a control method adopting
fractional order calculus (FOCs) has been developed, bringing
about remarkable enhancements in both damping factor and
inertial response. Furthermore, in [26], Yu et al. have introduced
an active-damping solution. This solution combines both self-
and mutual-damping filters, and it provides an enhancement
of the inertial response. For GFM inverters, improvements in
inertial-response could be beneficial; nevertheless, for practical
purposes it is preferable to enable an inertial response that can
be quantitatively evaluated, e.g., using the inertia constant. To
address this challenge, a feedforward control method has been
introduced in [27] to mitigate power oscillations induced by
set-point changes and preserve the original inertial response,
simultaneously. On the other hand, in the presence of external
disturbances like grid frequency changes, this control method
is prone to introducing power oscillations.

Summarized from the literature, an effective active-damping
control for GFM inverters should fulfill the following criteria:
1) ensuring a preferable response to the set-point variation;
2) providing sufficient damping in the presence of external
disturbances; 3) yielding the original inertial response. Existing
solutions either fail to simultaneously satisfy these criteria or
inevitably involve trade-offs. In this context, the research gap
lies in developing an active-damping control that is capable of
quantitatively fulfill all of the criteria. To bridge this research
gap, a generic active-damping control for GFM inverters that
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GFM inverter interfaced to the grid using the LC filter.

Fig. 1.

emulate synchronous machines has been developed. The main
novelties and contributions are summarized as follows.

1) A generic control scheme, which demonstrates the capa-
bility to seamlessly incorporate the well-established GFM
controls from the literature, has been proposed. It presents
a generalized method of realizing GFM controls.

2) Employing the proposed control scheme, primary perfor-
mance aspects of a GFM control, i.e., reference tracking,
disturbance damping, and inertial response, are individu-
ally considered in sequence, exhibiting more flexibility.

3) Two design approaches are proposed to realize the prefer-
able reference tracking, disturbance damping, and iner-
tial response, emphasizing the capability for quantitative
evaluation.

The remainder of this article is organized as follows: The
system description is given in Section II. The proposed generic
control scheme is introduced in Section III. In Section IV,
the control design approaches are presented. The experimental
validations are analyzed in Section V, and the conclusions are
derived in Section VI.

Il. SYSTEM MODEL AND GFM CONTROL PRINCIPLE

As depicted in Fig. 1, the inverter is integrated to the grid
using the LC filter and interconnection cables. R¢, Lg, and C¢
donate the resistance, inductance, and capacitance of the filter,
respectively. Ry and L represent the resistance and inductance
of the interconnection cable. Here, vectors in the af3 frame are
expressed with the superscript s, e.g., i]i, v§, and zf‘ Vectors
in the dq frame are expressed without the superscript S, such
as ¢¢ and v¢. Generally, vector controls are applied to regulate
current and voltage, serving as the foundation for the APC and
RPC to regulate the power output.

The active and reactive power outputs of the GFM inverter,
i.e., P and Q, are often regulated by adjusting the phase angle
Bm and amplitude V of the capacitor voltage v, expressed in
the polar coordinates as V e!®n . Employing an interconnection
predominantly featuring the inductance L and expressing the
grid voltage vy in the polar coordinates as Vgejeg, the active
power output of the GFM inverter is derived as

3 = 3VVy .
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Fig. 2. Small-signal model of the APC.

where Vg represents the amplitude of the grid voltage; X is the
impedance of the interconnection; the phase angle difference,
denoted as 9, is expressed as
0=0m — 0y (0m + Wy — wg) dt (2)
where 6y is the phase angle of the grid voltage; Wy represents
the frequency of the grid voltage; wm + W is the frequency of
the capacitor voltage; Wy denotes the nominal frequency.
Using a swing equation for the GFM inverter, the APC is
governed by the swing equation as follows:

Mom =P —P — Dpwm 3)
9.m = Wm + Wo 4)

where M is the virtual inertia, and Dy, is the damping constant;
P is the set point of the APC; the virtual inertia, denoted as
M, is often written as

M = o Sbase (5)
Wo
where H is the inertia constant; Spage is the rated capacity.
Using (1), employing the traditional modeling and approxi-
mations sind =23 and V Vg = V.2, the open-loop model of the

APC is derived in sense of small signal as [23]
_3Va

2 X
where V|, denotes the nominal voltage amplitude.

Combining (6) with (2), (3) and (4), the closed-loop model
of the APC can be represented by the scheme in Fig. 2.

AP DS GpAd (©6)

I1l.  GENERIC CONTROL SCHEME

As shown in Fig. 2, the limited DOF constrain the simulta-
neous realization of the desired set-point tracking, disturbance
attenuation, and inertial response. To solve this problem, rather
than adding filters via trial and error, a generic control scheme
is first proposed, as shown in Fig. 3. Specifically, the proposed
control scheme consists of three parts: the set-point feedfor-
ward regulator Gr(S), the tracking-error-correction regulators
Gr(S), G¢(8), and Ge(S), and the damping reshaping regulator
Gk (S)

Using the proposed generic control scheme, well-established
GFM controls in the literature can be seamlessly incorporated,
as shown in Table I. For conventional GFM controls, applying
either proportional [28], [29] or integral [30], [31] regulators,
as well as the variants of these GFM controls [32], [33], [34],
the damping mainly comes from regulators G¢(S) and Gg (S).
For the conventional VSG [32], [35], the control is equivalent
to employing a first-order LPF for G¢(S). Moreover, for VSGs

TABLE |
GFM CONTROLS UNDER THE GENERIC CONTROL SCHEME

Ref. Gr(s) Gg(s) Ge(S) Gr(s) Gg(s)
[28] 0 LP, P 0 0
[29] 1 1 P 0 0
[30] 1 1 | 0 0
[31] 1 1 | 0 P
[32] 1 1 P+1 0 0
[33] 1 LP; P+ D; 0 0
[34] 0 LP,; P+D;,+D; 0 0
[32], [35] 1 1 LP,; 0 0
[36] 1 1 LP, +P 0 0
[19] 1 LP;+HP; LP, 0 0
[27] 1 1 LP; HP,/BP; 0
[11], [21], [32], [37] 1 1 LP, + HP, 0 0
[22] 1 1 LP, + BP, 0 0
[17] 1 1+HP; LP,+BP; 0 0
[23] 1 1+D; LP;+BP; 0 0
[24] 1 1 LP, 0 BP,
[16] 1 1 LP, + BP, 0 BP,
[25] 1 1 FOC 0 0

Note: P denotes a proportional gain; | denotes an integrator; D; and D, denotes
first- and second-order derivatives; LP; 3 denote first-, second-, and third-order
LPFs; BP, and BP; denote second- and third-order BPFs; HP; denotes a first-
order HPF.

Fig. 3. Closed-loop APC under the proposed generic control scheme.

with supplementary active-damping controls, G¢(S), Ge(S),
GRr(S), and G (8) are normally modified. Specifically, in [11],
[19], [27], and [37], first-order HPFs are incorporated in G¢(S),
Ge(s) and GR(S). In [16], [17], [22], [23] and [24], instead of
using a first-order LPF for G¢(S), either second-order or third-
order LPFs are adopted. Subsequently, derivative, HPF or BPF
are incorporated in G¢(S) or Gg (S). In [25], a FOC is used to
replace the conventional LPF.

IV. CONTROLLER DESIGN
A. Design Considerations

For GFM inverters, the APC design mainly involves threefold
considerations, e.g., reference tracking, disturbance damping
and inertial response. Applying the generic control scheme,
these three aspects are respectively represented as follows:

1) Reference tracking: the closed-loop system in the sense

of small signal, is derived as [23]

Gps™' [Gr(8)Ge(S) + Gr(8)]
Gt (s) — .
1+ Gps~'Gs(s)
2) Disturbance damping: the response of APC under small
grid frequency dips yields [23]
Gps™!
1+ Gps™!Gs(s)

(7

Gp(s) ®)
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3) Inertial response: the frequency of the capacitor voltage
maintained by the APC yields [23]

Gs(s) Gr(5)Ge(s) + Gr (9). (€))

B. Controller Design: Method |

Typically, to embed the swing characteristic, Gs(S) is set as
a first-order LPF in the form of (M s + Dp)_1 [321, [35]. In this
sense, the response of Gs(S) can be quantitatively assessed by
using the parameters M and Dp. On the other hand, despite the
simplicity and accuracy of predicting the frequency trajectory
via a first-order Gs(S), the two-DOF characteristic inevitably
complicates the tuning of Gp(S) and Gt (S).

Considering the extension of DOF, Gg(S) is reconstructed as
follows:

Gs(s) =
s(s) Ms+ Dy, s+Knp

(10)
where Knp; and Knp, are HPF coefficients.

It is preferable that the HPF in (10) can simplify the tuning
of Gp(S) and Gt (S) while generating no significant impact on
the frequency trajectory, i.e., the response of Gg(S). For this,
the RoCoF specifications are used for selecting Knp; and Knps
instead of the commonly used frequency-domain analysis like
bode plots and pole-zero maps. In the time domain, the response
of Gs(S) under a unit step input u(t) is written as

_ 1 —BPpy —Knpat
Gs(t) = Do l—e" ™" +Kppie” 2 u(t). (11
p

Seeing (11), when the HPF is omitted, i.e., Knpi = Knp2 =
0, the frequency deviation at the beginning (e.g., t=0s) is 0
p.u., and that after the measurement period (e.g., t = 200 ms),
is Dy '(1 —e~(2Pe/M)) by ; Letting Aw, and Aw; denote
these frequency deviations, we have

(12a)

Aw, =0,
0.2Dp
(12b)

Aw=D,' 1—e ™

However, with the HPF, the initial and measured frequency
deviations are changed, and they are determined by Knp; and
Knp2. Specifically, Knp1 changes the initial frequency deviation,
and Knp, determines the rate of decay. Letting Aw, and Aw,
denote the new frequency deviations, we have

Aw, = Aw; + Knpi,
Aw, = Awy + Kpp e~ 02e2,

(13a)
(13b)

To limit the initial frequency deviation, the threshold of Aw,
is set to 0.01 p.u. in this article. Another constraint is derived
by letting the resulting RoCoF increase by less than 5%, which
is formulated as follows:

Aw;  1.05A0¢
0.2 02

From Aw, 0.01 p.u., (12b), (13b), and (14), we have the
constraints for Knp; and Knp, as follows:

(14)

TABLE I
GRID-FORMING INVERTER SETTINGS

Variable Symbol Values
Rated capacity Shase 2.2 kVA
Nominal voltage amplitude Vn 2/3-220 V
Filter resistance R¢ 0.1 Q
Filter inductance Lf 1.8 mH
Filter capacitance Cs 9 UF
Cable resistance R 0.5Q
Cable inductance L 4.3 mH
Fundamental frequency Wo 314 rad/s
Inertia constant H 25s
Damping constant Dp 20 p.u.
Note: The base value of D is Spue/ 0.
10° <¢pr <30°
x107% 60° <tns 30° <1Pps <60°
0T 7
1
1 /I
R AN
—~ M
3 ’,f-’
2
<o
£ 1
= 1
2.5 ;
0 25 50 75 100
kg (s71)
(@) (b)
5[ [lo <10 1 10< ] [[oo

%107 Ml || - []os <O m0<|[- ]| <5

|G (5)/Sbaselloo +

25 50 75 100
Eaa (s71)

(@

Fig. 4. Properties of Gp(s). (a) Phase margin Wy ; (b) Phase margin
contour lines and feasible parameter ranges; (c) Hoo norm of the transfer
function Gp (S)/Shase; @and (d) Contour lines of the Hoo Nnorm.

0 Kkppt 0.01, (15a)

max 0,—5In 005 51
khpl P
Using (15), the frequency supporting specifications as fre-
quency trajectory and initial RoCoF, are qualitatively fulfilled.
In this manner, the tuning of Gp(S) for a preferable distur-
bance damping can be subsequently conducted independently.
Substituting (10) into (8), Gp(S) becomes a third-order sys-
tem, whose open-loop transfer function is Gps~!Gs(s). Using
Gps~'Gs(s) and GFM inverter settings presented in Table 11,
the control stability index, i.e., phase margin Yy, is first swept
on the Knpi—Knp2 plane. As depicted in Fig. 4(a), when Gg(s)
is reconstructed as (10), the control stability is improved with
a higher Y. Then, along with the predefined constraint (15),
feasible parameter ranges are generated under different phase
margin thresholds (e.g., 30° and 607), as shown in Fig. 4(b).

_0.2Dp
l—e ™™

Kip2 (15b)

Authorized licensed use limited to: UNIVERSITAT POLITECNICA DE CATALUNYA. Downloaded on May 09,2025 at 11:56:20 UTC from IEEE Xplore. Restrictions apply.



YU et al.: GENERIC INERTIAL-RESPONSE PRESERVED ACTIVE-DAMPING CONTROL

5901

The feasible parameter ranges presented in Fig. 4(b) enable
enough stability margins and fulfill (15), simultaneously. Next,
the Heo norm of the transfer function G (S) in per unit, repre-
sented as ||Gp (S)/Spase||oo» 18 used as the index for evaluating
the response of GFM inverters to external disturbances. Com-
pared with the damping ratio of dominant poles, the Heo norm
involves the effect of closed-loop zeros as well, demonstrating
better generality. As illustrated in Fig. 4(c) and 4(d), with an
increase in Knp; and a decrease in Kppy, a lower Hoo norm is
attained. It indicates that the GFM control has a better damping
against disturbances. Combining the contour lines in Fig. 4(b)
and 4(d), a parameter range for Knp; and Knp is determined.

After the tuning of Gs(S) and Gp(S), G1(S) is developed
for a preferable response to set-point variations. Here, the key
is to select G¢(S), Ge(S) and Gr(S) to let Gt (S) response as
desired. To achieve this, (7) is first rewritten as follows:

Gr(s) =Gr(s) Gp's+Gs(s) —Gr(s)Ge(s).  (16)
Substituting (9) into (16), we have
Gr(s) = Gr(s) G,'s+ Gg(s)
+Ge(8) [GT(8)Gr(s) —Gr(s)]. (A7)

Here, to simplify (17) for the control implementation, G (S)
is first set to be equal to Gt (S)G¢(S). In this case, Ge(S) is
removed from (17), which makes Ggr(S) the most streamlined.
Then, to reduce the complexity further, let G¢(S) = 1. From (9)
and (10), we have

Ge(s)= —F——.
F( ) S+ khp2

(18)

Ge(s) =1, Ge(s) = Ms+D.’
P

Subsequently, G,(s) and Gr(S) are formulated as

Gr(s) = Gr(s) (19a)

khp13

—ne1® 1
S+ ko (19b)

Gr(s)=Gr(s) G,'s+

From (19), it is clear that, as long as G (S) is strictly proper,
both G(s) and Gr(S) are proper transfer functions which can
be physically realized in practice. For this, Gt (S) is set to be a
first-order plant, e.g., G7(S) = (Tps + 1) 7!, where Ty denotes
the time constant.

With the desired reference tracking, disturbance damping as
well as inertial response in place, the generic control scheme
shown in Fig. 3 can be further simplified to include only power
feedback and reference feedforward channels. In this sense,
we have Wm = —G¢p(S)P + G¢(S)P , where feedback and
feedforward controllers, i.e., G¢p(S) and Gg,(S), are

Grb(S) = Ge(s) + Gr (),
Grr(s) =Gr(s) Gy's+ Ge(s) + Gg(s) .

(20a)
(20b)

C. Controller Design: Method Il

In the previous method, the coefficient Knp; in (10) needs to
be first set according to the largest initial frequency deviation,
which inevitably leads to the constraint (15a). The root cause is

10° <4hpr <30°

60° <¢as 30° <pr <60°
5 1 T F
1 ]
| I ]
T/
'M
7| 0P
— s 3 [ !
D) s h /
B r
= ) | Y
- < F I 7
3 [ & 7
1 1 I/l
0 40 80 120 160 200
Fap (s71)
(b)
5< || [loo <10 70 10< ]+ [|oo
e <O 0<][-[[<5
5
4
= S o3
s N
2 g2
= 1
0

40 80
ip2 (s71)

(@

120 160 200

Fig. 5. Properties of Gp(s). (a) Phase margin Wy . (b) Phase margin
contour lines and feasible parameter ranges. (c) Hoo norm of the transfer
function Gp (S)/Spase- (d) Contour lines of the Heo norm.

that when Kpp; =0, Knp, =0 and t=0's, Gg(t) in (11) is not
zero. Therefore, in order to has less constraints for the GFM
control, Gg(S) is rewritten as follows:

1 + kbp]S
Ms+Dp (s +kpp)’
where Kpp and kppy denote two BPF coefficients.

Similarly, from (21), the response of Gg(S) under a unit step
input u(t) is derived as follows:

Gs(s) = 21

1
Gs(t): Di 1 _e_%t
p

+ kpprte ket u(t).  (22)
Here, only the RoCoF limitation needs to been concerned, as
Gs(t) =0 when t =0 s. Then Aw, in (13b) becomes

Do = Awy + 0.2Kpp 870 2ee2, (23)

Afterwards, from (12b), (14), and (23), the new constraint
for Kppi and Kppy is as follows:
025 __,;

max 0,—5In +—D,
bpl

Kop2 l—e ™™ (24)

Identically, the phase margin Y of Gps™!Gs(s) is first
swept on the Kppi—Kpp2 plane, as illustrated in Fig. 5(a). Con-
sidering both phase margin and constraint (24), the resulting
feasible parameter range is depicted in Fig. 5(b). Subsequently,
using Gg(S) as (22), the Hoo norm, i.e., ||Gp (S)/Spase|oo> 18
swept on the Kppi1—Kpp2 plane, as shown in Fig. 5(c). The cor-
responding contour lines are plotted in Fig. 5(d). It is clear
that Kppo plays an effective role in changing the Hoo norm.
A smaller Kpp, typically leads to a lower Hoo norm. Utilizing
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Derivation

Fig. 6. Controller design in method | and method II.

Fig. 5(b) and 5(d), a parameter range for preferable Kyp; and
Kpp2 is generated.

Afterwords, the controller expressions are to be determined.
Here, G¢(S), Ge(S), and G(S) can remain the same as those
in the Method I for the benefit of control implementation,and
Gk (s) and GR(S) are derived as follows:

kb 1S
Ge(s)= —2= (25a)
(s + kopa)’
_ -1 Kpp1S
GRr(s) =Gt1(s) Gy s+—— (25b)
(S + kbpz)

where Gt (s) = (Tps + 1)L

Identical as the control scheme simplification applied in the
method I, the control can be represented by only feedback and
feedforward channels. Here, the expressions for the feedback
and feedforward controllers match those provided in (20).

D. Controller Design Flow

The entire controller design is summarized in Fig. 6. It starts
with setting the thresholds for evaluating the inertial response.
Based on the given thresholds, the constraints, which guarantee
an explicit relationship between the inertial response and the
inertia constant H, are calculated directly. Afterwards, phase
margin Pp and Heo norm are both scanned to identify feasible
parameter ranges that ensure adequate stability and damping.
Finally, with controller parameters chosen within the feasible
ranges, each controller’s expression is derived, enabling refer-
ence tracking that is evaluated by the time constant Tp.

V. EXPERIMENTAL VALIDATIONS

To validate the effectiveness of the proposed generic control
scheme and design approaches, experiments using an industrial
inverter are conducted. The setup diagram is shown in Fig. 7,
and the settings are provided in Table III. In the experiments,
the control is implemented using a dSPACE DS 1006 processor.
The Chroma 61845 grid simulator is employed to simulate the
external grid and produce disturbances such as frequency dips.
Resistive load banks are utilized to generate load variations.

Danfoss Converter Chroma 61845
- Grid Simulator
(=
Rioadr |
Ripaaz
¥ ¥
Fig. 7. Experiment setup.
TABLE Il
EXPERIMENT SETTINGS
Variable Symbol Values
Rated capacity Spase 2.2 kVA
Nominal voltage amplitude Vn 2/3-220V
Filter resistance R¢ 0.1 Q
Filter inductance Lf 1.8 mH
Filter capacitance Cs 9 UF
Cable resistance R 0.5Q
Cable inductance Ly 4.3 mH
Fundamental frequency Wo 314 rad/s
Inertia constant H 2.5s
Damping constant Dp 20 p.u.
LPF coefficient Tp 0.1s
HPF coefficient Khp1 4e73 p.u.
HPF coefficient Khp2 155!
BPF coefficient Kbp1 0.5 p.u.
BPF coefficient Kop2 57 s7!
Switching frequency fsw 10 kHz
Resistive loads Rioad1,2 115 Q

Note: The base value of D is Spase/0o, and the base value of Knp;
and Kpp 18 0o/ Spase-

A. Reference Tracking

As depicted in Fig. 8(a), without additional active-damping
control, the GFM inverter may exhibit poor damping, leading
to low-frequency oscillations in both output current and power
when subjected to a set-point step of 0.25 kW. The oscillations
persist for approximately 2.4 s. The resulting overshoot may
cause the inverter to approach its limits when the GFM inverter
operates close to its rated capacity. On the other hand, when the
active-damping control developed using Method 1 is applied,
oscillations are effectively attenuated, as depicted in Fig. 8(b).
Likewise, when the Method II is utilized to design the proposed
active-damping control, the response of GFM inverter to a set-
point step is smooth as desired, as shown in Fig. 8(c). Notably,
as indicated by the dashed lines in Fig. 8(b) and &(c), the
reference tracking resembles that of a first-order plant with a
time constant of Ty, highlighting the effectiveness.

B. Disturbance Damping

In practice, disturbances like grid frequency variations can
arise from the dynamic balance between power generation and
consumption. Considering this issue, during the experiment, a
grid frequency variation of —0.05 Hz is applied for assessing
the response of the GFM inverter. As illustrated in Fig. 9(a),
the conventional control cannot ensure an adequate damping,
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and it results in poorly-damped current and power oscillations.
When Method I is utilized, Knp1 and Knp, are set to achieve a
phase margin of 40.5” and a Heo norm of —2.2 dB. With the
developed control, the oscillations are significantly mitigated,
as depicted in Fig. 9(b). After the initial overshoot, the output
current and power reach their steady state rapidly. For a fair
comparison with Method I, in Method II, Kpp1 and Kpp, are tuned
to enable a phase margin of 40.8” and a Heo norm of —1.3 dB.
Comparing Fig. 9(b) and 9(c), it can be concluded that methods
I and II lead to approximately the same level of damping.

C. Inertial Response

In accordance with [23], [24], and [25], load step variations
are employed to evaluate the inertial response of GFM inverter.
The GFM inverter first supply power to the load, Rjgaq1. Then,
an extra load, Rjoad2, is connected and disconnected during the
experiment. The frequency maintained by the GFM inverter is
recorded for analysis. As depicted in Fig. 10, under identical
operating conditions, the conventional and developed controls
yield the same frequency trajectory over a relatively long time

scale, maintaining the explicit relationship between the iner-
tial response and the inertia constant H. In order to further
validate the extent to which the inertial response is preserved,
RoCoFs over 50, 100, and 200 ms, represented as |0m—sol,
|®m—100], and |®m—200], are calculated and compared. Applying
the conventional and the developed controls (Method I and II),
RoCoFs over 50 ms are 10.9, 14.9, and 12.8 rad/s?, respectively.
Corresponding RoCoFs over 100 ms are 9.9, 10.9, and 1.0
rad/s2. The RoCoFs over 200 ms are 8.3, 8.4, and 8.3 rad/s.
As the frequency trajectories under both the conventional and
developed controls are nearly identical, it is evident that the
preservation of the inertial response is achieved.

VI. CONCLUSION

In this article, a generic control scheme as well as two design
approaches are proposed for GFM inverters, aiming at simul-
taneously realizing quantitatively measurable reference track-
ing, disturbance damping, and inertial response. First, an APC
control scheme, which is able to incorporate the existing linear
GFM controls in the open literature, is proposed. Subsequently,
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mapping of established linear GFM controls into the proposed
control scheme is presented in a table and explained in detail,
upon which two design approaches are developed to fulfill the
requirements set for reference tracking, disturbance damping,
and inertial response. More specifically, the reference-tracking
response is designed to resemble that of a first-order plant,
and it allows the transient response to be evaluated utilizing a
time constant. The Heo norm is used to quantitatively evalu-
ate the damping against external disturbances. Moreover, the
inertial response is preserved as that of the conventional con-
trol, maintaining the explicit relationship between the inertial
response and the inertia constant. Finally, the effectiveness of
the proposed control scheme and design approaches have been
validated via experiments using an industrial inverter.
Compared with method I, method II needs fewer thresholds
during the controller design while performing better in limiting
the RoCoF. It also provides a wider range for selecting feasible
parameters. However, both Method I and II uses the Heo norm
to evaluate the damping against external disturbances. For better
generality, direct derivations of controller parameters using a
time-domain index can be explored for disturbance damping.
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