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Abstract—The grid-forming converter is an important unit in
the future power system with more inverter-interfaced genera-
tors. However, improving its performance is still a key challenge.
This paper proposes a generalized architecture of the grid-
forming converter from the view of multivariable feedback
control. As a result, many of the existing popular control strate-
gies, i.e., droop control, power synchronization control, virtual
synchronous generator control, matching control, dispatchable
virtual oscillator control, and their improved forms are unified
into a multivariable feedback control transfer matrix work-
ing on several linear and nonlinear error signals. Meanwhile,
unlike the traditional assumptions of decoupling between AC
and DC control, active power and reactive power control, the
proposed configuration simultaneously takes all of them into con-
sideration, which therefore can provide better performance. As
an example, a new multi-input-multi-output-based grid-forming
(MIMO-GFM) control is proposed based on the generalized con-
figuration. To cope with the multivariable feedback, an optimal
and structured o synthesis is used to design the control param-
eters. At last, simulation and experimental results show superior
performance and robustness of the proposed configuration and
control.

Index Terms—Grid-forming, power converter, multiple-input-
multiple-output system, feedback control, s, synthesis.

I. INTRODUCTION

HE CONVENTIONAL power system is evolving into a
future smart grid, which relies on the advanced technolo-
gies in power systems, power electronics, information and
communication technology, etc. One of the most important
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tasks of the smart grid is to enable a robust integration of
various renewable energies and energy storage systems. As
most of these are interfaced via power inverters, the control of
power inverters plays a fundamental role to ensure the require-
ments of the smart grid on stable, flexible, and efficient power
regulation [1]-[3].

As more inverter-interfaced generators (IIGs) are integrated
into the smart grid, stability issues are becoming more pro-
nounced due to the lack of inertia and poor regulation
of the frequency and voltage. To cope with these chal-
lenges, grid-forming converters can establish the frequency
and voltage by themselves without relying on the power
grid. The synchronization among the grid-forming convert-
ers and with the power grid is based on the power balance
rather than on a phase-locked loop (PLL) like in a tradi-
tional grid-following converter. Therefore, by proper power
control, grid-forming converters are able to participate in the
frequency and voltage regulation and then help to enlarge
the penetration of the IIGs in the power system. On the
contrary, the stability of the power system may be deterio-
rated if the control of the grid-forming converter is not well
designed [4].

So far, several grid-forming controls have been proposed,
where a classification is summarized as follows. The basic
one is droop control, which emulate the p-f and g-V droop
characteristics of the synchronous generator (SG) to achieve
frequency and voltage regulation [5]. A similar idea is called
power synchronization control (PSC), which directly builds the
relationship between the active power and the angle like the
synchronous generator as well [6]. To improve the dynamic
performance by limiting the fast change of the frequency,
the virtual synchronous generator (VSG) control has been
proposed, which not only has the droop characteristics but also
can provide the favorable inertia characteristics [7] for small
rate of change of frequency (RoCoF). Another interesting grid-
forming control is matching control. The motivation is that the
dynamics of the DC capacitor are similar to the swing equa-
tion of the synchronous generator, and the frequency can be
built by the DC voltage [8]. In contrast with the aforemen-
tioned SG-emulation methods, a dispatchable virtual oscillator
control (dVOC) is also proposed to treat the grid-forming
converters as coupled oscillators [9]. More recently, a hybrid
angle control (HAC) is proposed in [10], which uses nonlin-
ear controllers and combines the DC and AC dynamics to give
superior performance.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/


https://orcid.org/0000-0002-4331-2907
https://orcid.org/0000-0001-9531-4309
https://orcid.org/0000-0003-4651-5424
https://orcid.org/0000-0003-4349-5923
https://orcid.org/0000-0002-9649-5305
https://orcid.org/0000-0001-8311-7412

2874

Based on the aforementioned fundamental controls, many
improved methods have been reported in the literature in
order to provide better performance. A robust droop control
is proposed in [11], where an additional voltage feedback
is added to improve the accuracy of power sharing. Further
in [12], a more additional frequency feedback is added as
well. A generalized droop control is proposed by replacing
the fixed gain with transfer functions in [13] to improve the
performance of the closed-loop system. By changing the inte-
gral (I) controller to the proportional-integral (PI) controller,
the virtual inertia is included in the PSC in [14]. In [15], a
generalized PSC is designed, which can also integrate both
the droop and inertia characteristics. In [16], a novel PSC
is proposed in order to freely adjust the damping. In [17]
and [18], the high-frequency component of the frequency is
used to improve the damping of the VSG. In [19] and [20],
the coupling terms of the voltage and frequency are designed
to enhance the stability of the VSG, respectively. In [21], the
DC voltage is also used to provide additional damping for
the matching control. Other improved grid-forming controllers
have been presented in [22]-[26]. Given the numerous grid-
forming controllers and their variations, it is hard to compare
and evaluate these methods. Therefore, it is important to study
the relationships among different grid-forming methods as well
as to unify and generalize their control architectures.

In [27], generalized grid-connected controls encompassing
droop control have been proposed. The initial and most tries
for unifying grid-forming controls are focusing on the basic
droop control with low-pass filters (LPFs) and the VSG con-
trol. It has been proven that they are identical in some cases
for properly selected parameters [7], [28]. In [13], the droop
control and the VSG are unified by analyzing different damp-
ing terms. The basic droop control and the PSC control are
also shown to be identical to some extent [6]. Besides, a uni-
fied modeling method is presented in [24] focusing on several
VSG controls from the view of frequency control. On the
contrary, different voltage controls of the VSG are compared
in [25]. By considering more kinds of grid-forming controllers,
a comprehensive comparison is given in [9], while no com-
monalities are highlighted. In [29], the different grid-forming
controllers are summarized from a block diagram perspective
by a power synchronization loop and a voltage profile man-
agement. Nevertheless, the common structures of these two
parts are not further discussed. More important, the structure
of [29] assumes that the p-f loop and Q-V loop are decoupled.
Likewise, the DC loop is not included.

According to the above discussion, the existing works on
unifying the grid-forming controllers have limitations in four
aspects. First, most of the studies consider only the basic con-
trol architectures, while their improved variations cannot be
included. Second, only one or two kinds but not all of the
grid-forming controllers have been unified within in a single
architecture so far including DC and AC side loops. Third,
only single-input-single-output (SISO) loops are considered,
i.e., most of the studies assume that the DC and AC sides and
the active and reactive power loops are decoupled, which is not
true in reality. Fourth, manual parameter tuning of many nested
single-input-single-output (SISO) loops is usually burdensome
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and cannot achieve the optimal control performance for a
multi-input-multi-output (MIMO) system [30].

In order to overcome the aforementioned limitations, this
paper looks at the grid-forming converter design from the
perspective of modern control theory. First, the grid-forming
converter is abstracted as a general MIMO system. Then a
multivariable feedback control architecture is proposed to pro-
vide a generalized configuration, which results in the following
advantages.

1) The proposed configuration unifies and generalizes dif-
ferent grid-forming controls - not only the basic formu-
lations, but also many of their improved variations - in
a control transfer matrix relating on several linear and
nonlinear error signals.

2) The comparisons between different grid-forming con-
trols can be performed in a straightforward way.

3) Different loops, e.g., DC control, active power con-
trol, and reactive power control of the grid-forming
controls can be tuned simultaneously to optimize the
performance and robustness.

4) New grid-forming controls can be derived from the
proposed generalized configuration.

To further highlight the design power of the proposed gen-
eralized configuration, a new multi-input-multi-output-based
grid-forming (MIMO-GFM) control is also proposed in this
paper, which improves the performance without increasing
the order of the controllers compared with the existing basic
control such as VSG and droop with LPFE. Usually, classic
control design methods such as root locus and loop shaping
are used to design the parameters. However, they cannot deal
with several adjustable parameters simultaneously to obtain
the optimal performance especially in a MIMO system. As
a solution, the H o, synthesis can be used, which has been
proved to be effective in secondary frequency control [31],
current control of grid-following converter [32], and voltage
control of PLL or droop based grid-connected converters [27],
etc. Nevertheless, no use in the MIMO-GFM converter includ-
ing all the three control loops has been reported. In this
paper, we present how the proposed MIMO-GFM controller
can be transformed to the standard H, synthesis, where the
fixed-structure H, synthesis is performed to optimize the
parameters of the controller.

The remainder of the paper is organized as follows:
Section II presents the proposed generalized configuration and
unifies the existing grid-forming controllers. Section III pro-
poses a new MIMO-GFM controller and gives the details of
parameters design based on the H, synthesis. Simulations
and experimental results are performed in Section IV, and the
conclusions are drawn in Section V.

II. GENERAL CONFIGURATION OF
GRID-FORMING CONVERTER

The studied topology of the grid-forming converter is a typ-
ical three-phase voltage-source inverter as shown in Fig. 1.
This topology has many applications, where most of the
existing research on the grid-forming converter are based on
it [5], [6], [8], [12]. Therefore, it is a representative topology.
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Fig. 1. Topology of grid-forming converter.
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Fig. 2. Relationships of different reference frames.

The three-phase inverter is connected to the power grid via a
filter. Ly and Cy are the inductor and capacitor of the filter. Ly

and R, are the equivalent inductor and resistor to the power
grid. Most of the existing works assume that the DC source
is ideal and able to decouple the AC and DC sides. Although
this assumption simplifies the analysis, the information in the
dynamics of the DC capacitor is missing, which can be used
to improve the performance. Meanwhile, some grid-forming
controls such as the matching control is based on the cou-
pling between AC and DC sides. Therefore, in this paper, the
dynamics of the capacitor are included, where the DC source
is equivalent to a controlled current source i, paralleled with
a capacitor Cy. [9].

A. MIMO Formulation of Grid-Forming Converter

The modeling of AC side of the grid-forming converter can
be built in different frames, which can be illustrated in Fig. 2.
If the dgyig-qgria frame is used as the reference frame, there are
[Vea; Vgl = [Vg; 0] and [Egy; Egql = [Eycosd; Eysind]. If the
d-g frame is used, there are [Vgg; Vgyl = [Vgcos8; —Vysind]
and [Egy; Egq] = [Ey; 0]. They are identical by proper transfor-
mations [17]. This paper chooses the second set of coordinates

and the model is summarized as follows [12], [13], [17]:

. wp .

ig = L_fE — L —Vq + wpwyly (D)
. wp .

g = —qu — wpwyig )

f

. wp . wp .

Vg = Ffld - Fflod + wpwyvy 3
. wp wp .

Vg = Fftq Ffloq — Wpwy Vg 4)
y wp wp wpRg .
lod = Ew — EVg coséd — ngzod + wpwyiog 5
y wp wpR .

log = —Vq —|— Vg siné — —& l()q WpWylod (6)

Lg Lg

where i4q, vay, and iy, are the currents of the filter induc-
tor, voltages of the filter capacitor, and output currents,
respectively, wy, is the base angular frequency, Vy is the voltage
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Fig. 3. MIMO open-loop equivalent circuit of grid-forming converter in d-g
frame.

magnitude of the power grid, w, and E, are the frequency and
voltage provided by the grid-forming control, § is the angle
difference between the grid-forming converter and the power
grid, which is defined as

§ = wpw, — wpwg, (7

where wg is the angular frequency of the power grid.
Furthermore, the DC dynamics are modeled as

. wp . wpEyig

Vde = Cue Ly
where v, is the DC voltage. It is noted that the DC dynamics
contain the information of the AC side by E,is, which pro-
vides the possibility to improve the AC performance by the
DC signals. We stress that, the usual assumption of ideal DC
source is not beneficial to optimize the grid-forming converter.

For the grid-forming converter, five outputs are usually con-

sidered, i.e., the active and reactive power p and ¢, magnitude
of the terminal voltage V, the frequency assigned by the grid-
forming control w,, as well as v4., where p, g, V are expressed
by the state variables as follows:

, (3)
CacVac

P = Vdloa + tioq 9
q = —Vdlog + Vgiod (10)

V=/vi+2 (11)

Hence, the open-loop equivalent circuit of the grid-forming
converter can be represented by a MIMO system, as shown
in Fig. 3. There are three control inputs, which should
be provided by the grid-forming control, and five outputs,
which should be regulated. Furthermore, the grid voltage and
frequency can be seen as disturbances. It should be mentioned
that all the variables and parameters in (1)—(11) are presented
in the p.u. system except that wp and § are with the physical
units of rad/s and rad, respectively. The nominal values of the
power converter are chosen as the base quantities of the p.u.

system.
For notational convenience, we define the vectors:
. . . . T
X = [ld ig Va Vg lod log 6 vdc] (12)
. T
u=[i, o, E (13)
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Fig. 5. General MIMO close-loop feedback control configuration of grid-
forming converter.

(14)
15)

y= [Vdc p wu g V]T
d = [og Vg]T’

where x is the state vector, u is the control vector, y is the
output vector, and d is the disturbance vector. Thereafter, the
equivalent circuit of Fig. 3 can be abstracted as the open-loop
state-space model as shown in Fig. 4, from which the target
of the grid-forming control is defined as the following.

A grid-forming control is to design a control input u for the
system (f, g) to guarantee that the output y satisfies the desired
specifications (details will be given later in Section III) in the
presence of disturbance d.

To cope with this problem, a multivariable feedback control
can be used to close the loop. Therefore, a generalized con-
figuration of the grid-forming converter control architecture is
proposed, as shown in Fig. 5,

up=[io wo Eo]T (16)
Yref = [Vdcref P ref ~ Wg Qref Vref]T (17)
& = (Bu)s.s as)

where uy is the vector of set-points for u, ¥ s is the vector of
references for y. We notice that the nominal reference of the
frequency is chosen as w, due to the fact that the frequency
of the grid-forming converter should be synchronized to the
grid frequency in the nominal steady-state. Besides, ® = ®(s)
is the 3 x 5 control transfer matrix, and e is the vector of
error signals. The achievement of the grid-forming controller
is therefore attributed to the choices of ® and e. A simple
and natural choice of e is using the linear error signals, i.e.,
e = Y, —y. Nevertheless, some nonlinear error signals can
also prove useful, which will be discussed later.

It should be mentioned that the general configuration in
Fig. 5 can be easily used to other converter structure with L
filter, LC filter, LCL filter, etc., by replacing the three-phase
converter model with the model of the used structure, i.e.,
changing only x = f(x, u,d) and y = g(x, u). Meanwhile, the
model can also be built in -8 frame or abc frame as shown
in Fig. 6. However, the above changes do not influence the
discussion on the control transfer matrix @ [11], [29], which
is the main contribution of this paper.

To highlight the advantages, the following section will
discuss how the existing methods are unified by the proposed
generalized configuration of the grid-forming converter.
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B. Discussion on Existing Grid-Forming Converters

1) Droop Control: Droop control emulates the droop char-
acteristics of the regulation of SG, which can be expressed
as [5], [6]
(19)
(20)

wy — wo = —Dp(p — Prey)
E,—Ey = _Dq(q - Qref)s

where D, and D, are the droop coefficients. As mentioned
before, the general strategy the droop control assumes an ideal
DC source and therefore neglect the DC control. This paper
removes this assumption. In practice, a proportional integral
(PI) controller is usually used to control the voltage of the DC
capacitor, which is expressed as

iy =1ip+ kpdc(vdcref - Vdc) + kide /(Vdcref - Vdc)dt, 2n

where kyq- and kj4. are the proportional and integral gains,
respectively.

According to (19)-(21), the equivalent control block of the
droop control using the generalized configuration is shown in
Fig. 7, where the control transfer matrix is

kpdc + kidc/s 0 0 0 0
o= 0 D, 0 0 0
0 0 0 D, 0

The control transfer matrix of droop control (22) uses a
SISO PI controller and two SISO proportional (P) controllers
to derive the grid-forming control input, and there is no cou-
pling between different columns and rows. Therefore, effective
Ve, P> wyu, g, V) coupling that exists in reality is typically not
considered.

(22)
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2) PSC Control: The PSC control directly emulates the
relationship between the rotor angle and the active power of
the SG, which can be expressed as [6]

D, /(Pref — p)dt + wot = /a)udt

which can be rewritten in the form of the general configuration,
by solving for w,, as

(23)

Dp(Preff —p)+wy=wy (24)

By comparing (24) with (19), we conclude that PSC control
is equivalent to droop control with respect to w,. Moreover,
the DC and AC voltage controls of PSC control can also be
chosen to be identical as in droop control. Therefore, the con-
trol transfer matrix of the PSC control has the same structure
as droop control in (22).

3) VSG Control: The VSG control emulate the SG in a
more detailed fashion than droop control and PSC control.
One of basic architectures can be expressed as [24], [25], [33]

. 1
2HAw, = Pref —P— D_(wu —wp) — kp(wu - a)g) (25)
P

kq/[Qref —q+ Di(vref - V)]dt +Ey=E,, (26)
q

where the inertia constant H emulates the inertia character-
istics and the damping coefficient k, emulates the damping
characteristics. Furthermore, the DC control is usually based
on a PI control, as in (21). Therefore, the equivalent control
block of the VSG control using the generalized configuration
is shown in Fig. 8, where the control transfer matrix is

kpdc+kidc/s 0 0 0 0
kp
® = 0 Ws+i/p,  asiip, O 0
ky /D
0 0 0 ky/s  alla
27)

The control transfer matrix (27) of the VSG uses PI con-
troller, low-pass filters (LPFs), and I controllers to derive
the control inputs, respectively, and there are again no cou-
pling terms among different rows, i.e., the couplings among
DC voltage, AC voltage, and frequency controls are not
considered.
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4) Matching Control: The matching control is motivated
by the fact that the dynamics of the DC capacitor are similar
to the rotor in the SG, and therefore w, can be generated by
vde. The mathematical model of the matching control can be
expressed as [8]

(28)
(29)

iy =1p+ ki(vdcref - Vdc)
Wy = wo + kdc(vdcrf;f - Vdc)

kpv(Vier — V) + kiy / (Vieg — V)dt + Eg = E,  (30)
based on which the equivalent control block using the gener-

alized configuration is shown in Fig. 9. Thereafter, the control
transfer matrix of the matching control can be derived as

k0 0 0 0
®=|kie 0 0 0 0 31)
0 0 0 0 ky+ki/s

The matrix of the matching control uses two P controllers
and one PI controller to derive the control inputs. Note that
the first two rows are coupled via the DC signal.

The above analysis shows how a selection of the basic
grid-forming controllers can be transformed to the proposed
generalized configuration. These original non-matrix-based
controllers typically in the form of block diagrams are math-
ematically equivalent to the corresponding representations
of the control transfer matrix. By analogous reasoning also
their various improved formulations can be represented as
particular control transfer matrices. Table I summarizes the
control transfer matrices employed in different grid-forming
controllers.

C. Discussion on Proposed Generalized Configuration

According to the aforementioned analysis, the following
advantages of the proposed generalized configuration of the
grid-forming converter can be concluded.

1) Not only the basic formulations of the grid-forming con-
trols, but also many of their improved variations can be
presented as control transfer matrices in a unified setting.

2) The comparisons between different grid-forming con-
trols is straightforward. From Table I, it can be deduced
how the performance may improve by changing the
elements of the control transfer matrix. A typical strat-
egy is using higher-order controllers, especially in the
frequency control of deriving w,. Meanwhile, the rela-
tionships between different controls are obvious. For
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TABLE I
SUMMARY OF CONTROL TRANSFER MATRICES CORRESPONDING TO DIFFERENT GRID-FORMING CONTROLLERS
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Feedback Signals y ‘ Ve )4 w, q \4 ‘ Ve P Wy, q |4 ‘ Ve )4 wy, q \%4
Transfer Matrix ¢;; o 02 Gz Pa G5 21 022 03 Qs s | P31 P32 P33 Gs P35
droop-1 [5], [6] PI 0 0 0 0 0 P 0 0 0 0 0 0 P 0
droop-2 [11] PI 0 0 0 0 0 0 0 P 0 0 1 0 0 I
droop-3 [6], [34] PI 0 0 0 0 0 IF 0 0 0 0 0 0 0 0
droop-4 [14] PI 0 0 0 0 0 PD 0 0 0 0 0 0 P 0
droop-5 [7] PI 0 0 0 0 0 P{IFxD} 0 0 0 0 0 0 P 0
PSC-1 [6] PI 0 0 0 0 0 P 0 0 0 0 0 0 P 0
PSC-2 [15] PI 0 0 0 0 0 IFxPD 0 0 0 0 0 0 1 0
PSC-3 [16] PI 0 0 0 0 0 IFxPD 0 0 0 0 0 0 1 0
VSG-1 [25], [35] PI 0 0 0 0 0 IF 0 0 0 0 0 0 0 IF
VSG-2 [24], [25], [33] PI 0 0 0 0 0 IF 0 0 0 0 0 0 PI PI
VSG-3 [20] PI 0 0 0 0 0 IF 0 0 0 0 0 P P 0
VSG-4 [36] PI 0 0 0 0 0 IF IF 0 0 0 0 0 P 0
VSG-5 [7], [24], [37] PI 0 0 0 0 0 IF IF 0 0 0 0 0 PI PI
VSG-6 [19] PI 0 0 0 0 0 IF 0 0 IF 0 0 0 I 1
VSG-7 [18] PI 0 0 0 0 0 OxPD 0 0 0 0 0 0 1 1
VSG-8 [7] PI 0 0 0 0 0 IFxPD 0 0 0 0 0 0 PI PI
VSG-9 [22] PI 0 0 0 0 IFxPD IFxPD 0 0 0 0 0 0 P 0
VSG-10 [24] PI 0 0 0 0 0 IFl{IFl xIF, ><D} 0 0 0 0 0 0 PI PI
VSG-11 [26] PI 0 0 0 0 0 OxPD{OxIFxPDxD} 0 0 0 0 0 0 1 1
VSG-12 [23], [24] PI 0 0 0 0 0 OxPD;{OXIFxPD;xD} 0 0 0 0 0 0 PI PI
matching-1 [8] P 0 0 0 0 P 0 0 0 0 0 0 0 0 PI
matching-2 [21] 0 0 0 0 0 P 0 0 0 0 P 0 0 0 0

Generated Inputs u ‘ iy

y ‘ E,

3)

4)

P: Proportional controller k, I: Integral controller % D: Derivative controller 7's, PI: Proportional integral controller k(1 + %) PD: Proportional derivative

controller k(1+ T's), IF: Inertia factor T sk+1 , O: Oscillatory factor

{}: the term is only applied to the feedback channel.

example, although PSC-2, PSC-3, and VSG-8 have dis-
tinctions from the original control blocks, and they are
derived from different motivations, their frequency con-
trols are actually identical. As another example, many
works have proved the equivalence between droop-5 and
VSG-2 in the frequency control [7], [28]. However, this
is not entirely correct from Table I. When the distur-
bance is from the output side, e.g., p, the droop-5 is
actually identical with VSG-2. However, if the distur-
bance is from the input side, e.g., Pryr, they are not
identical. A similar analysis can be applied to study also
other methods.

Different loops, i.e., DC control, active power control,
and reactive power control of the grid-forming con-
trols can be taken care of simultaneously to optimize
the performance. Most of the existing grid-forming con-
trols aim to decouple those control loops to simplify the
design and analysis. However, note from Table I that
some methods have successfully used some coupling
terms to improve the performance.

New grid-forming controls can be inspired: In the
proposed generalized configuration, the design of the
grid-forming control is attributed to the control transfer
matrix ®. In the future, two directions can be pursued
to propose new grid-forming controls. On the one hand,
most of the used elements of the existing controls are
linear. Nonlinear controllers such as sine function may
be used especially to improve the global stability like

k-
T2s242TEs+1"

in [10]. On the other hand, the control transfer matrix
@ of the existing controls are quite sparse and different
coupling terms, e.g., the DC signals motivated from the
matching control [38], can be added. In the following,
we will present an example design.

It is worth to mention that the proposed generalized config-
uration can be further generalized in the following aspects.

1y

2)

3)

This paper does not consider the virtual impedance and
inner voltage and current loops, as they are not the
essence of the grid-forming functions and not appear
in some controls [7], [8], [18]. Nevertheless, they can
be included by just adding their equations in (f, g) in
Fig. 5. Moreover, the multivariable control design can
be used to replace these SISO loops.

As mentioned before, the linear error ¢ = Y, — y is
a simple and natural choice. Nevertheless, other kinds
of error signals can also be used, where, for example,
(vf,mf. —v2)/2 is used in PSC in [39]. Furthermore,
Pref/‘Vrzef — p/V? and Oref/ Vrzef — g/V? can be used as
well, which is the case of dVOC [9]. Thus, by enlarging
the available error signals, more kinds of grid-forming
control can be unified into the proposed configuration.
The control transfer matrices of grid-forming controls
summarized in Table I are all with fixed parameters.
They can also be chosen as time-varying or func-
tions of the angle of the (possibly estimated) grid
impedance to encompass various kinds of adaptive
control [40].
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III. Hso CONTROL DESIGN OF
GRID-FORMING CONVERTER

The proposed generalized configuration considers the grid-
forming converter as a MIMO system with a multivariable
control transfer matrix ruling out traditional design and tuning
methods for SISO systems. In this section, a new structured
and multivariable control transfer matrix for the MIMO-GFM
control is first proposed. Then we present how the design of
the control transfer matrix can be transformed into a standard
fixed-structure Ho, optimization problem, where all control
parameters can be tuned simultaneously.

A. Proposed Control Transfer Matrix

As mentioned before, the existing control transfer matri-
ces are based on SISO loops and thus sparse. Therefore,
our proposed control transfer matrix tries to improve the
performance by adding some coupling terms. The following
possible principles are considered in this paper.

1) ¢11 is chosen as a PI controller to regulate v, with a

zero steady-state error as

kidc

P11 = kpdc + T (32)

Nevertheless, the choice k;;. = 0 is possible, which is
required for the matching controllers.

2) ¢ should provide some inertia for the frequency
control and maintain the prescribed steady-state droop
characteristics. We thus choose it as

(33)

3) A PLL (i.e., w,) is not expected to be used. Therefore
the third column is chosen to be zero

@13 = ¢23 = ¢33 =0.

This is just one option but others are possible if a PLL
is available to improve the control performance.

4) The I control is used to keep the steady-state g-V droop
characteristics as follows:

(34)

k34

@34 = Dyp35s = 5

5) The coupling terms of g and V on the frequency

control should not change the steady-state p-f droop

characteristics. Therefore, the following elements are
chosen

(35)

24 = Dytpas = koy (36)

6) All the other elements are chosen, for simplicity, as P
controllers to be designed.

Overall, the proposed control transfer matrix for the MIMO-
GFM takes the following form:

kpac + kiac/s k12 0 ks kis
® = ko Dpkn/(s+kxn) O  ka  kaa/Dyl,
kas/D
k3 k3o 0 kss/s %

(37

where the block diagram is shown in Fig. 10. Observed that,
unlike previously proposed variations and improved methods,
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Fig. 11. Block diagram of used control transfer matrix.

the order of the proposed control transfer matrix @ is not
increased compared to the basic droop control with LPFs and
VSG, since the added coupling terms are all P controllers. The
above shows one reasonable choice for ®. Other choices are
possible as well.

B. Parameters Design Based on Hoo Optimization

1) Formulation of Heo Synthesis: In order to transform
the control parameter design into a standard H, optimization
problem, the parameters to be selected are separated by defin-
ing two intermediate vectors & and y as shown in Fig. 11.
Thus, there is the following relationship

i = diag(kpdc, kide, k21, k31, k12, k2o, k32, kia, kis, koalz, kaal2)y
— 5. (38)

It is observed that all the parameters to be designed are
included in the static gain K. Thereafter, the standard structure
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Fig. 12. Block diagram of grid-forming converter in LFT.

in the so-called linear fractional transformation (LFT) for H
synthesis can be derived as in Fig. 12, where the system in
Fig. 5 is collapsed into G (except for K). Meanwhile, w and
z are defined disturbance inputs and performance outputs for
the Hoo synthesis. In this paper, they are chosen as

(39)
(40)

w= [Pref a)g]T
= [Pref -p p wy g+ V/Dq]T-

2) Choices of Weighting Functions: The H o, optimization
uses some weighting functions to limit the disturbance
responses from w to z. Let Tj;(s) be the transfer function from
w;j to z; and Wj;(s) be the corresponding weighting function.
In this paper, the following weightings W;(s) are selected.

To have a small active power tracking error, low-frequency
gain of T (s) should be small. Therefore, Wy (s) is chosen as:

S+ 58111

Wii(s) = .
11(8) SEoia

(41)

To limit the high-frequency disturbance to the active power,
high-frequency gain of 7> (s) and T2>(s) should rapidly decay.
Therefore, W51 (s) and Wy, (s) are chosen as:

To1 15+ 1)2
Wai(s) = [ ===2 42
21(8) <T212s+1 42)
1 Ty 1s+1
Waa(s) = X = (43)
kw T as+1

Meanwhile, the frequency of the grid-forming converter w,
should not vary quickly as a response to w. Therefore, the
following weights W31(s) and W3y (s) are chosen to limit the
high-frequency gain of 731(s) and T3,(s):

1 K
Wii(s) = — X ——— (44)
kw3t T3125+1
T3 1s+1
Wan(s) = —2=127 ~ 45
32(5) T as + 1 (45)

Last, as mentioned before, the control of w, should not
influence the steady-state g-V droop regulation. Therefore,
W41 (s) is used to limit the low-frequency gain of T4 (s) as

S+ s41

W = .
S+ 5412

(40)
The used numbers in the weighting functions are summa-
rized in Table II, which are chosen depending on the converter
parameters like shown in Table III.
The log-magnitude curves of the used Wj;(s) are shown
in Fig. 13. Afterwards, the gain vector K can be derived by
solving (e.g., via MATLAB?’s instructor hinfstruct [41])

rr}%n | diag(Wij(s)Ti(s)) (47

oo
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TABLE II
NUMBERS USED IN WEIGHTING FUNCTIONS

Symbol Value Symbol Value
S11_1 4 S11_2 0.0004
D 1.447 x 1073 Ty,  1.447x107°
kw22 100 T 1 1.447 x 1073
Ty 2 1.447 x 1073 ku3t 0.015
Ty,  1.447x107° Ty 1.447x1073
Ty,  1.447x107° $41_1 60
5412 0.006

TABLE I

PARAMETERS USED IN SIMULATIONS

Symbol  Description Value
W, nominal frequency 1007 rad/s
Sy nominal power 4 kW
V. nominal line-to-line RMS voltage 380 V
, grid frequency 1 pu.
Ve grid voltage 1 pu.
Le line inductor 2 mH
R, line resistor 0.06 Q
Cy filter capacitor 20 uF
Ly filter inductor 2 mH
Ry filter resistor 0.06 Q
Cic DC capacitor 500 uF
D, droop coefficient of P-f regulation 0.01 p.u.
D, droop coefficient of Q-V regulation 0.05 p.u.
Py Active power reference 0.5 p.u.
Orer Reactive power reference 0 p.u.
Vier Voltage magnitude reference 1 pu.

Vieref DC voltage reference 700 V

which, with the parameters listed in Table III and the initial
values K = diag(90, 400, 0, 0, 0, 20,0, 0,0, 0,0, 1, 1), yields

120.224 + 2038217 _0,0019 0 0.1673 —0.827
0.017622
*= e stz 1 0(;44 21 2872
—4.8977 0 0 L0844 216872
(48)
By setting the coupling terms to be zeros, (48) becomes
120.224 + 2056217 0 0 0 0
0.017622
*= 0 sz O 1 0(;44 21 2872
0 0 0 LB 216872

(49)

To highlight the effects of the coupling terms, Fig. 14 shows
the changes of the system’s eigenvalues with (i.e., using (48))
and without (i.e., using (49)) these coupling terms. As shown,
the coupling terms increase the damping ratio of the oscilla-
tion modes. Especially, the damping ratios of the mode with
the synchronous frequency and the dominant low-frequency
mode are highly increased from less than 0.1 to more than



CHEN et al.: GENERALIZED MULTIVARIABLE GRID-FORMING CONTROL DESIGN

150 T T T T T

Wsi(s) 8
W21(S)

N
W3i(s)

=3
=1
T

Wi (S)

%3
=1
T

W)

(=1

Magnitude (dB)

'
3
S
T
i

/
W22(S)
100 i 1 1 1 1
10 10 10

Frequency (rad/s)

Fig. 13. Log-magnitude curves of used weighting functions.

4

1
1 Xu.g T 8e+03
0:04 ¥

xx Without coupling terms
0.4 \«x With coupling terms 3e+03

0 [3e: o] -

Imag Axis

0.4 " 36403
q1 1 004 Qn+{‘l§

-500 0

. A7.0.06, 0.03
2 T -
'::'2' 200 0.9 100‘ 03 /
e X
400 |96 04 02" 330 L 01 006003

-200 -100 0 -2 -1 0
Real Axis

10

10

Fig. 14. Eigenvalues of the system with and without coupling terms.

0.6. Therefore, the dynamics of the system will be significantly
improved with the coupling terms. All of this is of course to
be expected from an optimization perspective. The controller
architecture underlying (48) includes (49) and it is designed to
be optimal with respect to the Ho criterion. Thus, inevitably,
the optimal design resulting in (48) will outperform (49),
which is suboptimal and results in poorer performance.

C. Generalized Parameters Design Procedure

Although the above section shows a specific case, the
proposed Hoo-based parameters design method can be gen-
eralized to any grid-forming converter controllers. The design
procedure can be summarized as follows.

1) Establish the model of a grid-forming converter in the

form of the general configuration shown in Fig. 5.

2) Separate the designed parameters by defining
intermediate vectors (like the way shown in Fig. 11
and (38)).

3) Choose the disturbance inputs and performance outputs
(e.g., (39) and (40)).

4) Transform the established model in step 1) into the
standard LFT shown in Fig. 12.

5) Choose weighting functions for the focused transfer
functions from inputs to outputs chosen in Step 3)

(e.g., (41)-(46)).
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when Py steps from 0.5 p.u. to 1 p.u.

6) Solve the H, optimization problem of (47) to obtain
the values of the designed parameters.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

To present the advantages of the proposed MIMO-GFM
converter, the time-domain simulations results carried out by
MATLAB/Simulink are provided, where the topology is the
same as in Fig. 1, and the parameters are listed in Table III.

To show the benefits of the added coupling terms, the
VSG-2 and droop-5 controls in Table I are used for com-
parison. The sparse control transfer matrix of VSG-2 is also
designed by the same optimization routine as in (47) as

90 + 40 0 0 0 0
0.059801
¢ = 0 545.9801 0 0 0 - (50)
0 0 0 1.9;)48 38.2954

Meanwhile, the parameters of droop-5 are designed by its
equivalent relationship with VSG-2 as shown in [7] and [28].

Fig. 15 presents the simulation comparisons when P,.s steps
from 0.5 p.u. to 1 p.u. As it is seen, both the droop-5 control
and the VSG-2 control show larger oscillations responding to
the disturbance. On the contrary, the proposed MIMO-GFM
control can well damp this oscillation and has much smoother
dynamics. It is also observed that the droop-5 control and the
VSG-2 control have different response because Py is seen as
a disturbance at the input side as mentioned before.

Fig. 16 presents simulation comparisons when w, decreases
from 50 Hz to 49.9 Hz. As seen, the frequency of the proposed
MIMO-GFM converter can synchronize to the power grid
quickly and smoothly with almost no overshoot. In compari-
son, the droop-5 control and the VSG-2 control will lead to
larger oscillations. It also shows the equivalence between the
droop-5 control and the VSG-2 control in this case as wg is
seen as a disturbance at the output side.

The dynamics responding to a grid voltage drop of 0.01
p.u. are also compared as shown in Fig. 17. As seen,
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when grid voltage decreases from 1 p.u. to 0.99 p.u.

the oscillations with proposed MIMO-GFM control can be
damped quickly. In comparison, the droop-5 control and
the VSG-2 control will lead to large oscillations, especially
with the synchronous frequency. It should be mentioned that
the performance of the MIMO-GFM control can be further
improved by adding V, in (39) when necessary.

B. Experimental Results

To further validate the effectiveness of the proposed MIMO-
GFM control, an experimental setup is established, as shown in
Fig. 18. The power stage consists of a Danfoss drives system,
an LCL filter and a Chroma 61845 grid simulator, while
the control is implemented by the DS1007 dSPACE system.
Meanwhile, the DS2004 A/D board and DS2101 D/A board
are used to do measurement and generate the output, respec-
tively. It should be mentioned that, because the DC control is
fixed in the DC source provided by a Yaskawa D1000 regen-
erative converter, the first row of the control transfer matrix
corresponding to the DC voltage control is not a design vari-
able in the experiments. It should be mentioned that the DC
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Fig. 18.

Experimental setup.
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Fig. 19. Experimental results of the proposed MIMO-GFM controller when
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voltage from the Yaskawa D1000 regenerative converter is not
strictly constant in steady-state but with some fluctuations,
which will inevitably lead to fluctuations in other variables
in steady-state due to the couplings in the MIMO-GFM con-
verter. Nevertheless, these fluctuations are independent of the
proposed control, and we can still show the functions of the
coupling terms in the frequency and voltage control in the sec-
ond and third rows. The parameters of the setup are identical
with Table III.

Figs. 19-21 show the experimental results with the proposed
MIMO-GFM control responding to the changes of Pr, wy,
and V, respectively. As shown, the dynamics are fast and
smooth with almost no oscillations, which validates a good
performance of the proposed method. It should be mentioned
that the traditional VSG control cannot be stabilized in the
experiments, as shown in Fig. 22, due to various disturbances
such as parameter errors and delays in the physically exper-
imental system, although its oscillations can be damped in
the simulations. This further highlights the robustness of the
proposed method.

C. Discussion on Results

According to Table III, the short-circuit ratio (SCR) of the
grid is 28.5, which implies a quite strong grid. Therefore,
the poor dynamics of VSG-2 and droop-5 in Fig. 15 and
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Fig. 16 are to be expected. Namely, it has been shown that
these kinds of grid-forming controllers are suitable for weak
grids, but may lead to poor stability in strong grids due to
the fact that grid-forming converters behave like a voltage
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Fig. 23.  Open-loop bode diagram of different grid-forming controllers.
source [42], [43]. It will be harder for the grid-forming con-
verters to regulate the voltage at the point of common coupling
(PCC) in a stronger grid [43]. Therefore, those basic grid-
forming controllers may not provide good performance. This
can also be proved from the open-loop bode diagram as shown
in Fig. 23. When connected to this strong grid, both the droop-
5 and VSG-2 controllers lead to quite small phase margins
(PMs) of 12.8° and 14.3° at point A and point B, respec-
tively. Further taking the VSG-2 as an example, this small
PM is because the slope of the log-magnitude curve at the
gain crossover frequency is —40 dB/decade. These small PMs
are unacceptable in practice (PM > 30° is usually required)
due to the fact that small errors between the ideal and actual
models will cause instability, as shown in the experimental
results of Fig. 22. This kind of instability for the VSG has
also been pointed out in [44]. Among the previous research
approaches, several methods have been used to overcome this
problem such as setting a large line impedance [6], [7], [20]
or virtual impedance [15], [17], [27], [44] to decrease the SCR
(e.g., less than 10), and using improved high-order forms as
in Table I. In comparison, the proposed MIMO-GFM con-
troller has enough PM at point C (shown in Fig. 23) to easily
accommodate model uncertainties.

The other problem of the traditional controllers is the syn-
chronous resonance due to the inductive line, which can
also be observed in Fig. 23. A detailed analysis is reported
in [44]-[46].

Both the simulations and experimental results validate that
the proposed MIMO-GFM controller can well solve all the
aforementioned problems, and it admits a superior and robust
performance without changing the SCR or applying high-order
forms.

V. CONCLUSION

This paper proposes a generalized configuration for the grid-
forming converter based on multi-input-multi-output feedback
control theory. Instead of assuming that different loops are
decoupled, the proposed configuration considers DC voltage
control, frequency control, and voltage control as a single
MIMO control transfer matrix to be designed. It is shown that
many of the popular grid-forming controls as well as their
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improved formulations can be unified into a generalized con-
trol transfer matrix in the proposed configuration. Besides, this
configuration is also helpful in comparison and design of con-
trols. We also proposed a new MIMO-GFM control without
increasing the order of the controller. To cope with the multiple
control parameters, this paper presents how the optimal con-
trol design can be transformed to a standard H ., optimization
problem. The simulation and experimental results verify the
superior performance of the proposed method.
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