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Abstract: Grid-forming inverters play an important role in supporting power systems with low
rotational inertia. Their frequency and voltage control policies must guarantee a synchronised
operation, accurate power sharing amongst inverters, and a good transient response. Simulta-
neously achieving the latter two requirements is in general a non-trivial problem and existing
schemes in the literature often focus on one of these two aspects. In this paper, we propose
a simple frequency controller that uses the inverter output current as feedback to adapt its
frequency, and also propose controllers for the regulation of the DC and AC voltages. We show
that the proposed control architectures achieve both power sharing without a communication
link, and desirable passivity properties that can enhance the dynamic performance. Closed loop
stability of the grid-forming inverter with a dynamic load is also proven and simulations on
advanced models are carried out to validate the results.
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1. INTRODUCTION

In the last decades, power systems have witnessed high
penetration of renewable energy sources connected to the
grid through power electronic converters. Compared to
synchronous generators (SGs), inverters have low inertia
and operate on a faster time scale. As a result, most
inverter control strategies rely on stiff SG-based non-
renewable conventional grids for their voltage and fre-
quency regulation. These control strategies are referred
to as grid-following control. Despite the fact that grid-
following operation is easy to implement, autonomous
(standalone) operation capability is key for standalone
inverter-based microgrids. To make the latter autonomous
and reliable, it is necessary to develop effective grid-
forming frequency and voltage control schemes for grid-
forming inverters.

Several control strategies have been developed for grid-
forming inverters. Virtual oscillator control employs non-
linear limit cycle oscillators Aracil and Gordillo (2002).
Although this concept has been theoretically investigated
and validated, its complexity makes the implementation
of frequency and voltage regulation schemes an involved
problem Milano et al. (2018). The matching control Arghir
et al. (2018) strategy involves augmenting the inverter
dynamics with an internal oscillator that sets frequency
via the tracking of a desired DC voltage. However, the
regulation of the DC voltage to track its reference elim-
inates the direct relationship between power sharing and
the droop coefficients. Droop control approaches enhance
inverters with similar behaviour to SGs. The common form
is the active power based frequency control Chandorkar
et al. (1993). Although it offers accurate power sharing
for interconnected inverters without communication links
Chandorkar et al. (1993), it has nonlinearities associated
with the active power relation that can affect dynamic
performance.

Traditionally, the AC-side output voltages of inverters
have been controlled by actuating the pulse-width mod-
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ulation (PWM) blocks through the modulating signals
generated by the cascaded inner (current) and outer (volt-
age) control loops Pogaku et al. (2007). These cascaded
loops introduce phase lags/delays, and can give oscillatory
responses for interconnected inverters Milano et al. (2018).

It is often desirable that grid-forming inverters have appro-
priate passivity properties. This allows to deduce closed-
loop stability when the AC-side is connected to a passive
load, and also contributes to the stability of interconnected
inverters. This is therefore a property we aim to maintain
in the inverter models under the various control schemes
proposed throughout the paper. The contribution of the
paper can be summarized as follows.

e We propose a frequency control scheme that takes the
inverter output current direct coordinate as feedback
to adapt its frequency. This scheme provides active
power sharing without a communication link. At the
same time it is shown that it allows for strict passivity
of the inverter model in the local reference frame.
Furthermore, it circumvents the nonlinearity in the
feedback policy associated with active power based
frequency droop control.

e We propose inverter DC and AC-side voltage control
schemes that allow the passivity properties of the
inverter to be maintained.

e We evaluate the transient performance of the fre-
quency and voltage control schemes proposed via
simulations on advanced inverter models .

Preliminary work on frequency control via the use of out-
put current was considered in Ojo et al. (2019) where a
small-signal analysis was presented. Here passivity prop-
erties are investigated and voltage control policies that
preserve those are considered. The paper is structured as
follows. Notation and definitions are given in section 2.
The inverter model is presented in section 3. The frequency
and DC voltage control schemes proposed are presented in
section 4. The inverter AC-side output voltage controller is
proposed in section 5. Section 6 presents numerical results,
and section 7 concludes the paper.



2. NOTATION AND DEFINITIONS

Let R>o = {z € Rlz > 0}, Ryo := {z € Rlz > 0},
N*:= N\ {0}. Given n,p € N*, we use 0,, (1,,) to denote
the column vector of all zeros (ones), I, the n x n identity
matrix, 0,x, the n x p matrix of all zeros, e:=[1 0]7,

and J = Lol (1)} Let z = col(zy,...,z,) € R™ denote a

column vector with entries z; € R, and whenever clear

from context we use the notation z = col(z;) € R".
The Euclidean norm of x € R™ is denoted by |z||, i.e.
|2]|* = 2" z.

Definition 2.1. (Symmetric AC three-phase signals).
Tape : R>o — R? denotes a symmetric three-phase AC sig-

nal of the form zq.(t) = col(X (¢) sin(0(t)), X (t) sin(0(t)—
), X (t) sin(0(t)+ 1)), where (t) is the phase angle that
satisfies

0(t) = w(t) 1
and X(t), w(t) are respectively the amplitude and fre-
quency, which are in general time varying variables that
take values in Rs . Note also that 1;—1‘@1,6 = 0.

The time argument ¢ will often be omitted in the presen-
tation for convenience in the notation.

Definition 2.2. The Park transformation matrix for a
given 6 is given by

sin(#) sin(f — 2—ﬂ-) sin(6 + 2—77)

T) = \/g cos(f) cos(6 — %) cos(6 + ?ﬂ-) (2)
1 1 1
V2 V2 V2

Definition 2.5. (Local Direct-Quadrature Coordinates).
The representation of a signal zp. (Definition 2.1) in its
Local Direct-Quadrature Coordinates (denoted by x4q0) is
given by

:quo(t) = T(e(t))wabc(t)' (3)
where T'(0(t)) is as in (2) with 0(¢) the angle of signal
Zape(t) as in Definition 2.1. Note that x4 can be obtained
from a given x440 using (4).

Tabe(t) = T7H(O(t))zaq0(t) 4)

Remark 2.4. Since xqp is three-phase symmetric (Defini-
tion 2.1), the third component of z440 is zero. We use the
notation x4, to refer to the first two components of the
vector in (3).

Passivity. We will use within the paper the notions of
passivity and strict passivity as defined in (Khalil, 2015,
Definition 6.3). We also say that a system with state vector
2 and input u (Khalil, 2015, eqns (6.6), (6.7)) is (strictly)
passive about an equilibrium z*,u* if the corresponding
definition in (Khalil, 2015, Definition 6.3) holds, but with
x,u replaced by the deviations z — z*, u — u* respectively.

3. GRID-FORMING INVERTER MODEL

Fig. 1 shows the topology of a three-phase grid-forming
inverter including the DC circuit, the switching block, and
the AC circuit.

The DC circuit consists of a controllable current source
with current i4. that is a signal that takes values in Ry,
in parallel with a conductance G4. € R~ and capacitor
Cy4c € Ryg. The switching block consists of semiconductor
switches. The AC circuit is fitted with an LCL filter,
which is an arrangement of an inductance Ly € Rso with
resistance Ry € R+, a shunt capacitance Cy € Ry with

conductance G4 € R+, and an inductance L. € R-y with
resistance R. € Rs(. The electrical components Gg., Ry,
G and R, represent the dissipative part of the system.

In practice, the switching block is actuated via a PWM
scheme which is controlled by a three-phase sinusoidal
modulating signal m which is the control input of the form
described in Definition 2.1.

m
L Ry Ly R. L.

A Smkak
+ 1 + o +

e
Gde
@® vac ng(, —=Clue 4 Vs Cf::Gbgvg vy

2

Fig. 1. Grid-forming inverter circuit diagram.

To present the physical model of the inverter, the following
assumptions are made.

Assumption 3.1.

e The switching frequency of the PWM is assumed to
be much higher than the natural frequencies of the
power stage.

e The power generated on the DC-side is transferred to
the AC-side without switching losses.

From the assumptions above the following relationships
can be used 7, = %m—ri and v, = %mvdc. These then lead

to the average model of the inverter in Fig. 1, which is a
model commonly used in the literature and is given by:

. ) 1 .
CacVage = —Gacvde + ide — EmT/L
. i 1
Lyi = —Ryi+ §mvdc — Vo (5)
Cf'l:h) = —Gsvo +1— 10
Leio = —Reto +vo — Up

where signal vg. takes values in Ry and denotes the
capacitor DC voltage, i, i,, v,, vp are signals that take
values in R3 and denote the inverter input and output AC
currents and voltages respectively. The modulating signal
(control input) m in the average model is a sinusoidal
signal of the form described in Definition 2.1, hence it is
commonly assumed in the literature (e.g. Pogaku et al.
(2007)) that the inverter voltages and currents 4, i,, Vo, Up
belong to the class of signals presented in Definition 2.1.

Considering the inverter local frequency w, and applying
the dg transformation (3) to system (5), the inverter model
in local dgq coordinates is given by:

. . 1 )
Cdcvdc = - Gdcvdc +ige — 5m(—1rqqu (6&)

: . . 1
Lfldq =— Rfldq + wajldq + imdquc — Vodgq (Gb)
Cfi}odq = - Gsvodq + ch\jvodq + Z‘dq - 7;qu (6C)
Lciodq = - Rciodq + WLCJiodq + Vodq — Vbdq (Gd)

where signals idq = [id iq]T, iodq = [iod ioq}T, Vdq = [Ud Vq
Vodg = [Vod Voq] ", Ubdg = [Vbd Vbg] | take values in R? and
denote the inverter dq currents and voltages. The variable
mgqq denotes the dg coordinates of the control input vari-
able m. It takes values in R? where mg, = [mg m,]"

Note that (6) involves the frequency w and does not
directly involve the angle 6 of the signals in their abc
representation. The sinusoidal steady-state solution of (5)
with associated steady-state frequency w* is mapped by
the dg transform to an equilibrium of (6). The steady-
state solution of (6) can be obtained by setting its left-



hand side to zero. We complete the DC side with a DC
current source proportional to the DC voltage as follows:

ide = idc,'ref - AP (vdc - Udc,'ref) (7)

where igc ref, Vdcrefs Ap € Rso are the DC current and
voltage set-points, and proportional gain respectively.

The design of the frequency and voltage control schemes
is based on the dq representation in (6) with mg, as the
control input. Note that the three-phase control input m
in (5) (i.e. its abc representation) is given by !

H(O())mago(t) (8)

where 0(t) satisfies w(t) = 0(t), with the frequency w(¥)
determined from a frequency control policy (described in
section 4). The control signal mg, is determined by a
voltage control policy (described in section 5). Due to
the simpler representation of the system dynamics in dq
coordinates in (6), the latter will be used for the analysis
in the remainder of the paper.

m(t) =T~

The remaining part of the paper is organised as follows.
We propose the frequency control scheme in section 4. Its
active power sharing property is discussed in section 4.1.
We show that it provides passivity properties in the local
dq frame in section 4.2, and closed-loop stability when
connected to a load (section 4.3). Furthermore, DC and
AC-side voltage control policies that maintain the passiv-
ity properties provided by the proposed frequency control
scheme are presented in sections 4.4 and 5 respectively.

We note that for the passivity property to lead to stability
guarantees in general network topologies without simplify-
ing assumptions on the line dynamics, the passivity prop-
erty needs to be established in the common reference frame
(see Watson et al. (2019)), and this will be investigated
as part of future work. In this paper we demonstrate via
simulations carried out on advanced models in section 6
that the interconnection of grid-forming inverters which
implement the control policies presented gives good per-
formance that is robust to load variations.

4. PROPOSED FREQUENCY CONTROL

For a secure and reliable interconnection, grid forming
inverters must operate in a synchronised manner and
achieve accurate active power sharing. It is desirable
that the frequency controller of each inverter meets these
control objectives with only local measurements to avoid
communication requirements.

In the recently proposed matching control scheme Arghir
et al. (2018), frequency is controlled via the DC voltage by
means of proportional control. However, the regulation of
the DC voltage to its reference eliminates the direct rela-
tionship between power sharing and the droop coefficients.
Another scheme is the conventional active power based
frequency droop control proposed in Chandorkar et al.
(1993). Although it offers active power sharing without
communication, nonlinearity is introduced in the feedback
policy via the active power relation.

To remedy this issue, we propose a frequency controller
that takes the inverter output current direct coordinate
God := € ipaq (i-e., the first component of i,4,) as feedback
to adapt the frequency w as follows:

w=w, —kp eTiodq (9)

1 Note that the third component of mgqo is always zero as noted in
Remark 2.4.

where wy,, k, € R5( are the nominal frequency and droop
gain respectively. As it will be discussed, the scheme (9)
has the advantage of providing accurate active power
sharing at steady state for interconnected grid-forming
inverters without requiring communication (sections 4.1,
6). Moreover, it will be shown that this control scheme
allows to have appropriate passivity properties for the
inverter model (6)-(7) with less restrictive conditions
relative to existing schemes in the literature (section
4.2). Furthermore, it will be shown that these passivity
properties are maintained when an appropriate voltage
control policy is also incorporated (sections 4.4, 5).

4.1 Active Power Sharing

Consider a network of N connected inverters. We say
inverter 4 is connected to inverter j if their AC output
terminals (i.e. the terminals with voltage difference v} in
Fig. 1) are connected via a transmission line (an example
of interconnection of two inverters is shown in Fig. 2).
We say the inverters are synchronised if their frequencies
are identical. In Proposition 4.1, we describe the power
sharing achieved among synchronised inverters under the
proposed frequency control policy (9) if synchronisation
is achieved at equilibrium. To facilitate the readability
of the manuscript, the AC voltage control policy is not
presented at this stage. Nevertheless, it should be noted
that Proposition 4.1 also holds if the AC voltage control
policies (section 5) are implemented.

Proposition 4.1. (Power sharing). Consider a network of
N interconnected inverters where each inverter is de-
scribed by (6)—(7). If an equilibrium point is reached where

the inverters synchronise, the real powers P, i =1,..., N
of the inverters at the equilibrium point satlsfy
T

* e v* .
P _ odg,i kp,J (10)
* T .
Py e vag; Fui

where v3,. Vpaq,j are€ the equilibrium values of the

inverter voltages vodq,i, Vodq,; Tespectively. Moreover, P =

Pritvy,, . = v:dq’j, and the droop gains satisfy ky, ; = kp_;.

Proof. Given that synchronisation holds we have that

v ) o A
wi = w; for all inverters 4,j. This implies w, —

T, T,
kpie ig4,; = wn—kpje zodqj, where i7,, . is the equilib-

rium value of the current 4,44 ;. This yields

eTz

T ;% - )
€ i kp.i

odq,i _ kaj (11)

Given the active power relation P = (e vodq)(€  i0dq),
the active powers of inverters ¢ and j at the equilibrium
point are given by P} = (eTvoqu)(eTzodql) Py =

(T*

e vy, )€ ity, ;), respectively. We therefore get

T *

Pi* _ odq i

Py elv;
and using (11) we deduce the active power sharing relation
(10). If v}y, ; = €'}y, ;» and choose ky,; = kp j, then
Pr =P tr1V1a11y holds at steady state.
Remark 4.2. The relation (10) shows that the active power
is shared among interconnected inverters according to the
ratio k"—" since the voltages do not vary much in practice.

If k,s = kp; is chosen, equal active power is shared
between the zth and jth inverters. See also section 6 where
simulations on advanced model are carried out and the
power sharing property is verified.

T.
e Zodq i

T
odq,j e Zodqg



4.2 Passivity

In this section we show that the proposed frequency
controller (9) allows the inverter to satisfy a strict passivity
property. The passivity property is established in the local
dq reference frame with respect to an equilibrium point
(z*,u*).

Theorem 4.3. (Strict Passivity in dg Coordinates).
Consider the grid-forming inverter model (6)—(7) with a
constant modulating signal mg,, together with control
policy (9). Assume that for a given input u* = —vy,, there
exists an equilibrium @* = (v}, 13, V)44 tpa,) Such that

4L. .,  4R.

CFllvsgqll* + LEli5a 12 + 25 (i50)* — 5y — <0
f f q RZ o kp oq k%

odg (12)
Then, the system with input ©v = —wq, and output
Y = 1049 described by (6), (7), (9) is strictly passive about
the equilibrium point (z*, u*).

Proof. Our proof is inspired by Arghir et al. (2018).
Starting from the assumptions of the theorem, we define
the error signals: Ogc = Vde — Ug.s ldg = dg — lgqr Vodg =
Uodq_vquy iodq = Z.odq_iqua ﬁbdq = Ubdq_vqua w=w-—w".
For some w* the error coordinate model of (6)-(7) is given
by

CacVae = — (Gac + Ap)Bac — %m:{qqu
Lyiag = — (Rflo — w*LyJ — 0L J)igq + &L Ji5,
+ %mdqﬁdc — Uodq
Ctlodg = — (Gsly — w*CT — &C1 T )Vodq
. +@Cr T vy, + ldg — Godg (13)
Leiodqg = — (ReXy — w*LeJ — @LeJ )iodg

- - - -
+ WLcjlodq + Vodg — Ubdg

Consider the storage function H; : R” — R+ given by

1 - 1- ~ 1. ~ 1 =
Hi = ngcvflc + gz;qudeq + EU;rquondq + gl;rquciodq- (14)

The derivative of H; along the trajectories of (13) is

. "T ~ ":T ~
Hi=— Udc(Gdc + Ade)Vde — 74¢ququ Oquondq odch'Lodq

~ - ~ L 1. ¥ > 3 ok~
— Godq; Obda; + ldcTac + 5WTLf2d;rJ idq + 5Lfldq~7 Lgq®
1. - 1, _ 1. . ~
+ ngCfv;;quTdeq + chvliqu:dqw + EUJTLCZZ(;quTZOdq

1
+ §Lclodq‘-720dq

(15)
By our proposed frequency control scheme (9), the fre-
quency error signal is obtained as w = —kpeTzodq. Substi-
tuting this for @ in (15) gives the compact representation

Hi=— [77dc E;—q ;rdq adq] My [”dc ’Jq ;rdq 2;rdq] '
~ TgaqUbdg
where the symmetric matrix M; € R™*7 is obtained as
(Gac + Ap) O1x2 O1x2 Oix2

02 RfIz O2x2 p1
Ma = 02 O2x2 Gslz p2 |~ (16)
T T
02 Py P2 p3
_ 1 - T 1 _
1= §(Lfkpjlrlqe ) - §(ka jvodq )7p3 - RciIQ+

sLcky | Titge’ + (jzodqu) . Evaluating all the lead-

ing principal minors of M; shows that under condition

(12), M; is positive definite. Therefore, system (13) is
strictly passive with input —vs4, and output %44.
Remark 4.4. Other schemes have been proposed in the
literature that achieve passivity properties, such as the
matching control Arghir et al. (2018). One of the ad-
vantages of the proposed frequency controller (9) is the
fact that condition (12) does not depend on the DC-side
gains, thus avoiding requirements for high gains that can
be restrictive in practical implementations. The &, can be
chosen sufficiently small to satisfy (12). Condition (12)
provides also insight on choosing R., L., C¢ to complement
the choice of k, and preserve the inverter passivity prop-
erties at the desired operating points.

Remark 4.5. The passivity property also allows to deduce
global asymptotic stability when the inverter is connected
to a constant impedance load. This will be discussed in
section 4.3.

4.8 Closed-Loop Stability

By making use of the passivity properties of (6), (7),
(9) discussed in section 4.2, we analyse the closed-loop
stability of the grid-forming inverter when its AC-side
is connected to a load. In this analysis, we consider
a constant impedance dynamic load described by the
following model

Lyio = —Ryio + vy (17)

where Ry, Ly € R+ are the load resistance and inductance
respectively. Applying the Park transformation (3) to the
load model (17) yields

LZ%odq = _Rliodq + WLZjiodq + Vbdg- (18)
Corollary 4.6 is associated with the closed loop stability of
the grid-forming inverter when connected to this load.

Corollary 4.6. (Closed-Loop Stability). Consider the grid-
forming inverter model (6)-(7) with a constant modulating
signal mgqq, together with control policy (9) and the dy-
namic load (18). Assume there exists an equilibrium point

T* = (vzc,izqm:dq,iqu) such that
L2 AL . 4R
CHWigqlI” + L5117 + ng(lzd)Q ~ % “itg — kQC <0 (19)
c P P

where L. = L.+ Ly, R. = R. + R;. Then, the equilibrium
point z* is unique and globally asymptotically stable.

Proof. The proof follows that of Theorem 4.3. We adopt
the notation used in the proof of Theorem 4.3 where the
superscript - is used to denote the deviation of a signal
from its equilibrium value. The error dynamics of the load
(18) about the equilibrium point (i}, v54,) is:

(20)

Lliodq = —(RI2 —w* LT — &Ly T iodg + @T 144 + Tbdg-

Consider the Lyapunov function Hs : R” — R given by
1~ -
Ho =Hi+ §i;rquéiodq (21)

where H; is as defined in (14). The derivative of Hy along
the trajectories of (13), (20) is

Hao = — [Bde g Dodq tadq| M2 [Tac idq Dodq todq) (22)
where the symmetric matrix My € R7%7 is given by
(Gac +Ap) O1x2 O1x2 O1x2
0 Rl Oox P
Mz = 02 Osxs Gelo po | (23)
T T
02 P Py P4
m = 3(LikpJise), po = $(CrkpJvige’), pa =
(Re+ Ro)Io + (L + Lo)k, Titge’ + (Titge’)" | By



evaluating all the leading principal minors of My we
see that under condition (19), My is positive definite.
Hence, the steady state x* is asymptotically stable by
Lyapunov’s direct method. The radial unboundedness of
Ho guarantees global asymptotic stability.

Remark 4.7. The strict passivity property stated in The-
orem 4.3 is essential for Corollary 4.6 as (12) is necessary
for (19) to be satisfied.

4.4 DC Voltage Regulation

As (7) may not regulate the DC-bus voltage vg. to
the desired set-point vg4cref, we propose a DC voltage
proportional-integral (PI) controller that achieves this. It
is shown in this section that this controller preserves the
passivity properties established in section 4.2, and there-
fore closed-loop stability is guaranteed when the inverter
AC-side is connected to a load of the form (18). The DC
voltage PI controller is given by

t
Z‘dc = idc,ref - AP(UdC - vdc,'ref) - AI/ (Udc - Udc,ref) dr (24)
0

where i4crefr, Ap, A1 € Ry are the constant associated
with the DC-side current, the proportional and integral
gains respectively.

The closed loop system is given by (6), (9) augmented
with (24). The integral term introduces an additional
state, denoted by (, and its steady state value is denoted
by ¢*. We will also use the superscript - to denote the
deviation of a variable from its equilibrium value, i.e.

¢ = ¢ — ¢*. Considering deviations from an equilibrium
point (V3. 1%, Vsdqs tndgr ¢) the error coordinate model is

C = 'adc
- _ 1 ~
CacVgc = —(Gae;, + Ap)Bge — AfC — 5m§q1dq
Liigg = —(Rflo —w* LT + kpe ioag Lt T )idg
~ . 1 - -
_ kpeTzoqusz;q + Emdquc — Vodg (25)
CiVodqg = —(Gsla — w*CrT + kpe i0agCr T )odq
— kpeTgoqufjvqu + :L:dq — iodq
Lc%odq = —(Rlz —w*LcJ + kpeTzoqucj)%odq
- k‘peTzoqucJ’i;dq + 1~)odq - 6bdq
Theorem 4.8. (DC Voltage Regulation). Consider the grid

forming inverter model (25) with a constant modulating
signal mg,, and assume that (12) is satisfied. Then the sys-
tem with input v = —Upqq and output y = 4,44 described
by (25) is passive. Moreover, suppose the load (18) is
present (with error dynamics given by (20)) with condition
(19) satisfied. Then the equilibrium point of (25), (20) is
globally asymptotically stable.

Proof. Consider the storage function Hs : R® — Ry
given by:

1 ~
Hs =H1+ 5A]<2 (26)

where H; is as defined in (14). Its time derivative along
the trajectories of system (25) is

Hy =

T .
~ YodqVbdg

~ ST ~T T 5 FT ST ZT T
[vdc tdq Vodg Zodq} M [Udc tdq Vodg Z"dq}

where the symmetric matrix M; € R™7 is as in (16).
With (12) satisfied, M is positive definite and (25) with
input —vpqq and output i,q4 is passive.

Suppose the AC-side is connected to the load (18). We
use LaSalle’s theorem to prove global asymptotic stabil-
ity of the equilibrium point. Consider the Lyapunov-like
function Hy : R® — R given by

1 ~
Hy = Ho + 51\,42 (27)

where Hs is as defined in (21). Its time derivative along
the trajectories of (20), (25) is obtained as
~T ]T

y ~ T =T T S IT =T

Hy=— [’udc idq Vodg zodq] Mo [vdc idq Vodg odg
where the symmetric matrix My € R7*7 is as defined
in (23). If (19) is satisfied, M3 is positive definite which
implies that H4 < 0. Since Hy is also radially unbounded
its level sets form compact invariant sets that can be
chosen arbitrarily large. From the fact that My is positive
definite, H4 = 0 implies that all the states of closed-

loop system (20), (25) excluding ¢ are equal to zero.
Bearing this in mind and from (25), the only invariant

set for which H4 = 0 is the origin (i.e. ¢ is also equal to
zero). Hence, it follows from LaSalle’s theorem that the
equilibrium point of the closed-loop system (20), (25) is
globally asymptotically stable.

5. AC OUTPUT VOLTAGE REGULATION

We have thus far considered a constant modulating signal
mgqq. However, this may not guarantee the exact regulation
of the inverter AC-side output voltage v,q, to a desired
set-point eV,,, V,, € Ryg. As grid-forming inverters are
required to set the voltage of the network they form, it
is important that they have AC-side voltage regulation
capability. In the sequel, we propose a passivity-based
proportional-integral controller (PIC). This scheme sup-
ports the passivity property of (9) and stability when the
inverter is connected to a load of the form (18).

5.1 Proportional-Integral Control

We design a feedback controller that achieves at equilib-
rium v:dq = eV),. Consider the input mg, and its error

signal mag = Mmaq — my,. We now rewrite (25) with mgq
substituted for mqy, i.e., m;quq and mq,Uq. respectively
are replaced by (mqq + m;‘lq)ngq + Mgy, and (Mg +
mzq)ﬁdc + Maqv).. We propose the proportional-integral
controller (referred to as PIC) given by

Ndg =Ydq (28a)
mdq = — /\pydq — )\Iﬁdq (28b)
where yq, = quvdc’ref — i;‘qu)dc; Ap, A1 € Ryg are the

proportional and integral gains. We follow the approach
in Arghir et al. (2018) to obtain i}, i.e. the equilibrium
solution of (6), (24) with v}, = eV,, vj. = Vac,ref gives

L[( RsIy —

ij‘lq = (GsIy —w*CyJ)eV, + i:dq; mjlq = i

w* LT )iy, + €Vy]. It should be noted that in a practical
implementation an integrator? is usually used to obtain
the target ¢3 . This is omitted here to simplify the analysis
and will be studied in future work. We now state Propo-
sition 5.1.

Proposition 5.1. (Proportional-Integral Control). Consider
the system (25), (28). If condition (12) holds for an equilib-
rium point with vgdq = eV, V], = Vdc,res, the system with

2 In particular, i(’;q = —Ky f(vodq —eVp)dr



input —vpqq and output isqq, is passive. Moreover, suppose
the AC-side is connected to load (18) and condition (19)
is satisfied, then the equilibrium point of the system (25),
(28), (20) is globally asymptotically stable.

The proof is analogous to that of Theorem 4.8.
6. SIMULATION RESULTS

We implement the proposed frequency controller (9) to-
gether with the DC voltage controller (24), and PIC (28)
on a two-inverter test system shown in Fig. 2 to vali-
date their performance. A detailed and realistic inverter
model which includes the on/off actuation of the electronic
switches is used in the simulation. The line dynamics are
also incorporated in the simulations with these simulated
in their abc representation. The inverter parameters are
Ry =005 Q, Ly = 8 mH, Uy = 50 uF, R, = 0.03 €,

L.=7mH, G4. = 10 mS, G5 = 3 mS, w,, = 27(50) rad/s,
kp = 0.0094; Ap,)\p = 1;A[,)\] = 10; Vdcmf = 1000 V,
lde,e; = 3 A. The line parameters are Ry = 0.4 Q,
L2 = 6 mH; constant impedance loads with nominal

rating® Py = 1 kW, Q1 = 100 Var and Py = 1 kW,
Q2 = 100 Var are connected to buses 1 and 2 respectively
(Fig. 2). The simulation is performed in the presence of
load variations. At ¢ = 0.7 s, an RL load, Ry1,= 20 €,
Ly = 40 mH, is switched on at bus 1, and an equivalent
load Ryo, = 20 2, Lys = 40 mH is switched off at bus 2 at
t=22s.

Fig. 3a shows that the frequency controller (9) provides
steady-state accurate power sharing between the inverters
directly linked to their corresponding droop gains (equal
droop gains, i.e. k, 1 = kp 2, are chosen). The power shar-
ing is achieved without communication and no oscillations
are observed on the power responses. Fig. 3b shows that
the frequency (note f = w/2m) of the inverters adapts to
the load step changes and the two frequencies are identical
at steady state. This demonstrates the synchronisation of
the inverters. Note that a steady-state frequency devia-
tions from the nominal is expected as (9) is a primary
control scheme. The restoration of the frequency to the
nominal can be achieved with suitable secondary control,
and will be considered in future work. It is evident in Figs.
3c, 3d that the inverter DC voltage and AC-side output
voltages track their respective references 1000 V and 311 V
using local measurements. The chosen value of k, allows
the equilibrium points to always satisfy conditions (12)
and (19) respectively, thus leading to a stable operation
and good dynamic responses.

DG1 B U2 DG2

P1,Qin P12,Qi2

Riz,Li2 l

l Ry, Ly

Fig. 2. Two-inverter test system.

7. CONCLUSION

We have proposed frequency and voltage control schemes
for grid-forming inverters. In particular, we have proposed
a frequency control scheme that employs the inverter
output current direct coordinate as feedback to adapt
the frequency so as to achieve active power sharing. Our
frequency controller enforces synchronisation, guarantees

3 Nominal power at the reference voltage provided to the inverter.
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Fig. 3. System responses: (a) Active power; (b) Frequency;
(c) DC voltage; (d) Inverter AC-side output voltage.

accurate power sharing, and also provides appropriate
passivity properties. We further designed a voltage control
scheme that regulates the inverter AC-side output voltage
to the desired set-point and preserves the inverter passiv-
ity properties. Numerical simulations on advanced models
were also carried out which demonstrated that our con-
trollers provide also good transient performance. Future
work includes the study of these controllers in complex
networks on a common reference frame, and secondary
control schemes that eliminate the steady-state frequency
deviation caused by primary control.
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