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1 | INTRODUCTION

1.1 | Motivation

Peter Makolo? |

Paul Trodden'

Abstract

The high penetration of renewable energy sources (RES) results in a low-inertia, weak
power grid. To mitigate this and restore system inertia, it has been widely proposed to
operate the inverters of RES units to mimic synchronous generators; this technology
is known as a virtual synchronous generator (VSG). In weak grids there is, however,
strong coupling between active power () and reactive power (Q), and any VSG technique
therefore requires /0 decoupling in order to operate effectively. This article proposes a
new PQ decoupling technique based on the transformation of the 20D power circle of
a VSG connected to a weak grid: first, the power circle is fransiated from its designed
position to that of a conventional synchronous generator (SG) connected to a strong grid,
achieving partial PQ decoupling, Then, to achieve full 20 decoupling, the authors propose
further to modulate the radius of the translated PQ power circle; this is achieved using
a seties resistance-capacitance—inductance (RCL) circuit which is virtually implemented
in the VSG controller. The efficacy of the proposed scheme is validated using a modi-
fied synchronverter connected to the weak grid in representative loading scenarios. It is
demonstrated that the technique achieves a decoupled PQ control for the synchronverter
connected in a weak grid. Moreover, the modified synchronverter is capable of supporting
frequency and voltage regulation in the grid without inducing large transient grid currents
during mild frequency and voltage variations.

To increase the inertia of an EPS with high penetration of
RES units, an interfacing power electronic converter (inverter)
can be controlled to mimic the operation of a synchronous gen-
erator (SG). This technology is known as a wvirtual synchronous

The penetration of renewable energy sources (RES) into elec-
trical power systems (EPS) is projected to increase from 25%
in 2021 to 90% in 2050 [1]. Inertia-less sources—such as
Wind Turbine Generation (WTG) and Solar Photovoltaic Sys-
tems (SPV)—are expected to contribute the majority of that
increase; the net effect will be large-scale reductions in system
inertia [2, 3]. Inertia provides the first line of defence against
frequency contingencies in an EPS and its decline may result in
an increased rate of change of frequency (RoCoF) and excessive
frequency deviations in response to contingencies. Such devia-
tions may trigger special protection schemes such as RoCoF and
Under-Frequency Load Shedding (UFLS) relays, and even lead
to cascading failures and blackouts [4].

generator (VSG). The concept was first introduced by Becke and
Hesse in 2007 [5] and has seen numerous improvements and
modifications since; current designs and topologies of VSGs
include the virtual synchronous machine (VISMA) [5], the syn-
chronverter [6], the simplified swing equation-based VSG [7],
reactive-power frequency-based VSG [8], a de-loaded active
power-based VSG [9] and droop-based VSG [10]. Studies have
indicated that, among these designs, the synchronverter may
be the most effective in limiting RoCoF and frequency nadir
in low-inertia systems [11]. One of the outstanding challenges
for synchronverter technology is, however, how to achieve
decoupling of the active (P) and reactive power (Q) [0]; in the
original development of the technology, the synchronverter was

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

propetly cited.

© 2024 The Author(s). IET Renewable Power Generation published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

LIET Renew. Power Gener. 2024;1-14.

wileyonlinelibrary.com/iet-rpg 1



2 |

KISINGA ET AL.

connected to a strong grid and thus, the PQ coupling effect was
not recognized appreciably.

The PQ decoupling problem is particularly timely because the
increasing penetration of RES into electrical power systems is
accompanied by an associated decrease in the short circuit level
(SCL) [12] and, thus, an overall weakening of the grid. WT'G and
SPV systems, for example, generate short-circuit fault currents
in the order of one-fifth of those for large coal and gas-fired
units [13]. A decrease of SCL signifies an increase in the resistive
component of the grid, which results in a resistive or inductive—
resistive system. Hence, a weak grid is characterized by a low
X /R ratio [14]. In these weak grids, P and O have a strong cou-
pling effect which requires an effective 20 decoupling technique
for their independent control. The aim of this article is, there-
fore, to develop a simple and practical ) decoupling scheme
for a synchronverter connected to a weak grid.

1.2 | Related work

Various approaches have been proposed in the literature to
solve the PQ decoupling problem, as surveyed in the sequel.
In [15] a novel linearization-based PQ control scheme is pro-
posed to reduce oscillations caused by 20 coupling. The method
requires a parametric value (z)—the tangent of the 20 circle—
which is difficult to estimate and compute. The scheme in [10]
feeds forward reference values for P and Q, determined from
a small-signal model of the VSG; despite the simplicity of
obtaining the controller gains, determination of the required
increments to power angle and internal voltage of the VSG can
be complex to determine in practice. In [17] a virtual impedance
is designed based on the capacitor current feedback for sup-
pression of the harmonics, while quantification of the required
magnitude of the virtual impedance is done on the basis of
the modulation signal. The relationship between coupling of
the 20 and the virtual impedance is, however, not investi-
gated. In [18] the idea of using virtual negative resistance to
achieve PQ decoupling, proposed in [19], is enhanced to mimic
a proportional—resonant controller in its implementation. Prac-
tical applicability may be limited, however, by the observation
that use of a proportional integral (PI) controller in the voltage
control loop may lead to critical stability of the DC components
of the output currents; moreover, the VSG structure was not
considered in the design of the controller of the inverter. In [20]
a novel non-phase locked loop (PLL) based method for 20 con-
trol with Hilbert transform is proposed. The method does not,
however, incorporate the VSG structure in the inverter control
design. In [21, 22] a modified PLL is proposed: P and Q are
decoupled based on the axial voltages, achieved by the addition
of a series virtual inductance. However, quantification of mag-
nitude of the virtual inductance is needed and its effect on the
system is not investigated.

Virtual impedance has been used in the VSG design for
limiting fault currents, improving power sharing, and suppress-
ing harmonic oscillations. In [23] a large virtual impedance is
designed to limit the symmetrical three phase fault currents in
the microgrid. Motivated by this work, [24] improved the output
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impedance of the synchronverter by adding a large virtual induc-
tance in series with the stator inductance. The added inductance
is intended to increase stability of the synchronverter by pre-
venting the occurrence of undesirable large current variations
in the event of the small-to-mild grid voltage vatiations. The
use of large voltage impedance, however, increases the volt-
age drop which can hinder power transfer; moreover, in [24]
the synchronverter is connected to a strong grid and hence the
PO coupling effect is not studied. In [25] a finite control set
model predictive control-based VSG is designed for an islanded
microgrid, wherein a virtual impedance is used to shape the out-
put impedance of the converter for accurate power sharing, In
this work, however, the quantification of the required magnitude
of the virtual impedance is not provided. In [20] a coordinated
virtual impedance based control is proposed for a three-phase
four-leg inverter to mitigate harmonics and achieve power shar-
ing. The work, however, does not specify the type and quantities
of the required virtual impedances. Moreover, no inertia emula-
tion is considered in the proposed inverter. On the other hand,
in [17, 27, 28] the virtual impedance is quantified based on
the harmonic analysis to improve the harmonic oscillations of
the current. A virtual impedance with fractional proportional
integral derivative (PID) controller is used to achieve accurate
reactive power sharing in [29], while in [30] adaptive virtual
impedance is used in a microgrid to achieve the same goal. In
all of the latter, analysis is limited to the case of an islanded
microgrid. Moreover, quantification of the virtual impedance is
limited to a particular application, whether harmonic analysis or
reactive power sharing, This results in complexity in sizing of
the values of virtual impedance.

1.3 | Contribution

The 20 decoupling problem remains an open challenge with
practical implications; this is in particularly true for VSG tech-
nologies connected to a weak grid, where PQ coupling is
stronger. While the use of the virtual impedance shows promise,
the quantification of its required magnitude remains challenging,

This article, therefore, proposes a simple 20 decoupling
scheme for a VSG connected to a weak grid. The scheme is
based on shifting of the power circle of the VSG and modulation
of its radius via the addition of virtual impedance; that is, the
power circle of the VSG is first translated to a location simi-
lar to that of an SG connected to a sfrong grid and then, based
on the power rating of the VSG, a desired PQ circle is achieved
by modulation of its radius. This provides a clear link between
desired PQ circle and the necessary virtual impedance. Hence,
the magnitude of the virtual impedance is easily quantified from
the centre and radius of the desired location of the virtual power
circle.

To demonstrate the efficacy of the proposed scheme, a mod-
ified synchronverter is designed and connected to a weak grid,
and it is shown that the proposed scheme can achieve a satis-
factorily decoupled PQ control. Moreovet, it is shown that the
supplied grid currents adhere to the IEEE 1547 standard—such
that the total harmonic distortion (THD) is less than 5% —and
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FIGURE 1 A simplified block diagram of a synchronverter connected to
the grid.

that the synchronverter aids recovery of nominal frequency and
voltage levels without producing large grid currents.

1.4 | Organization

The rest of this article is organized as follows. Section 2 starts
by outlining the power transfer theory between a synchron-
verter and the grid and identifying the 2D coupling effect of a
weak grid. The section goes on to explain the proposed con-
cept of virtual shifting of the 2D power circle, including the
working principle of the proposed scheme in order to achieve
partial decoupling, and then modifications to achieve further,
adequate decoupling. Section 3 introduces the synchronverter
model and defines guidelines for its virtual component sizing.
Section 4 is devoted to the practical implementation of the pro-
posed scheme. Simulation results and conclusions are provided
in Sections 5 and 06, respectively.

2 | A PQDECOUPLING SCHEME FOR A
SYNCHRONVERTER CONNECTED TO A
WEAK GRID

2.1 | Power transfer theory and the PQ
coupling effect

A synchronverter transfers power from a RES unit, or dedicated
energy storage source (ESS) unit, to the grid. At synchronization
this is equivalent to the power transfer between an AC source
and the grid; Figure 1 illustrates a synchronverter as an AC
voltage source synchronized to the power grid, separated by an
equivalent complex impedance Z (X, R). The real and reactive
powers transferred to the grid are [31]

31,5, 317

P= 2|Z| cos(a —9) — 2|Z| cos o, )
314E, 317

o= 3171 sin(a — 8) — 7] sina, 2

where 17 and 6 are the amplitude and angle, respectively, of
the grid voltage 17, and E,, and 6 + & ate the amplitude and
angle of the internal voltage (E) of the VSG. Hence, & is the
power angle; that is, the difference of angles between £ and 1.
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FIGURE 2 /0 power circles for a VSG connected to a weak grid (blue
circle) and an SG connected to a strong grid (red circle).

Equations (1) and (2) can be combined to form a 2 circle

2 2 2 2 2
3V BV 3V E,
P — S
7] cosax o+ 2171 sin o ( 270 > s

€)

whose centre coordinates (g, b) are
2 2
VR 37X

ST R T Cry S

and whose radius (7) is

35,
r=——— ®)

2/ X2 + R?

In a weak grid, X and R are approximately equal or with rel-
atively small differences [14]. Hence, the PQ citcle for a VSG
connected to a weak grid is similar to the blue circle shown in
Figure 2, that is, such that « < 0 and 4 < 0 with 2 & /. The con-
sequence of this is that 2 and Q are typically strongly coupled
around the operating point of the VSG: controlled changes to
P > 0 result into uncontrolled changes to Q.

In contrast, the connection of a conventional SG to a strong,
highly inductive grid results in P and Q being largely decoupled.
Let Z,(X,, R,) denote the impedance between the SG and the
strong grid. The conventional SG operates with a value of &

close to 90 °, such that
3VE,
P=—"gns6, ©)
5
31
0=-— (E cos§ — 1), ©)

%
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which may be combined to give the PQ citcle

) 312 ? 3V,E, 2
P + ’Q+R =(2X> ®)

The coordinates of the centre of this circle are

2
d =0, V= —3% , ©)
2X;
while the radius is
31 E
, a=m
= — " 10

This circle is indicated in red on Figure 2. There exists a small
portion of the circle—the shaded region labelled the PQ free
control gone—where P and Q are neatly decoupled: a P > 0
can be provided by varying § while O remains near to zero
or, more precisely, within a tolerable range. At the same time,
desired a non-zero value of O can be transferred to the grid
at near-constant P by making variations to the internal voltage
amplitude £,,. Hence, in this region of operation, a decoupled
PO control can be achieved.

2.2 | Working principle of the proposed
scheme: Partial decoupling

The aim is to achieve decoupled PQ control for the synchron-
verter connected to a weak grid, and to achieve this in such a
way that P and Q may be controlled using conventional meth-
ods; that is, direct power angle (8) control for P and intetnal
voltage amplitude (,) modulation for . To achieve this aim,
the 20 power circle of the VSG connected to the weak grid
will be shifted to a location corresponding to that of an SG
connected to a strong grid, as indicated in Figure 2. To this
end, the first step is to translate the centre of the 20 power
circle from (a, b) to (d',#). This requires the P-coordinate of
the power circle to be moved from a # 0 to & = 0. From (4),
a=0if and only if R = 0 since [, > 0 is enforced by the grid.
To achieve this, therefore, we propose to add a virtual resistance
R, = —R in series with the original impedance Z (X, R). The
subsequent total equivalent interfacing resistance seen by the
system, Ry = R, + R, will then be equal to zero.

This shifts the P-coordinate of the power circle’s centre to
a=d = 0but also modifies the radius 7 to

3VE,  3VE,

24/ X2+ R] 2¢/X?

Hence, in order to maintain the radius at its original value,

1

=

a virtual inductive impedance X;, is added. Thus, the total
equivalent interfacing impedance is

Zr Xy Ry) = (R+ R) +] (X +X7,), 12)

Ry=0 X

RIGHTS LI N '-"l}

FIGURE 3
translated and modulated to achieve satisfactory decoupling of 2 and Q.

Conceptual visualization of how the /20 circles can be

yielding the radius
3V E 3V,E,

g=m

T2X 44X, )
24/ X} + RS X +42,)

and Q-coordinate of the circle’s centre

r =

(13)

2
o

T2 +X)

Note that this citcle passes through the point (0,0) if £,, = 17,
Moreover, if

X, =VX2+ R - X, (14)
then
31,5, 3177
r=——=—"— and b= ———, (15)
2V X2+ R? 2V X2+ R?

and the circle has the original radius of (5); furthermore,

E 3l
r==—2b and r—b=————(E,-1}). (16

V 2V/X2 + R

The net effect of the addition of the seties impedance
Z,(X;,,R,) is therefore to translate the PO power circle of
the weak grid-connected synchronverter to resemble that of an
equal-sized SG connected to a strong grid.

2.3 | An analysis of PQ coupling

This translation does not necessarily achieve adequate decou-
pling of P and O, since the PQ free control zone is limited in
extent if the power circle radius is small. This is illustrated in
Figure 3, where the solid blue circle is the original one of the
weak grid-connected synchronverter and the dashed blue circle
is the resulting PQ following the addition of Z,(X;,, R,). We
present an analysis of this coupling in this section, leading to
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conditions on the circle radius that must be satisfied to achieve
adequate decoupling;

Suppose that it is desired to supply (P, 0) = (Bep, Oref)- Fol-
lowing the translation describe in the previous section, the P
and Q supplied are, in terms of the circle radius  and Q-centre
b

>

P=rsind 17
QO=rcosd —b. (18)
Three facts are apparent from these relations:

1) P = B is possible only if » > B¢ the value of § required
to provide P = P, is then

P
Spp = sin”' =L € [-71/2,+7/2]. 19)
r

2) QO = Qf with P = 0 can be achieved by setting
31
g
(E/i/ - T/:g) = .Qrcf‘ (20)

2V X2+ R?

3) If r — b = Qef to provide O = Oy, then setting § = S, in
order to achieve P = B¢ results in

0= 0Ot = L), @1

r—b=

where
P2
0.(r) 1= r(1 = cosS,) = {1 =1/ 1 = <7f> . (2)

This means that supplying P = P via control of § is accom-
panied by a coupled reactive power Q. that perturbs from the
reference value Q¢ (including when Q,.r = 0); this coupled
pertutbation Q,(r) is, for r > Ps, a monotonically decreasing
function of r such that:

1) O,(r) = Begwhenr = B
2) O,(r) > 0asr — oo;
3) O,(n) < O.(n) forr, > n.

To reduce this coupling the radius of the power circle must
therefore be increased. It is shown in Figure 3 that as the radius
of the circle increases the magnitude of Q, decreases and, thus,
the extent of the A0 free control zone increases. It is also evi-
dent that there exists a circle for which P = B, is possible while
| 0| < g, for any positive constant €; in particulat, solving (22)
with the condition | Q.| < € yields

bi+e 3
> — .
"= T e ®)
The problem of providing P = P and O = Q,f — O, with
|O,| <€ is then (theoretically) just a matter of selecting a
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sufficiently large radius of the circle; however, setting X;, =
VX2 + R? — X as described in the previous section provides

no guarantee that (23) is met.

2.4 | Modifications to achieve adequate
decoupling

It can be observed from (13) that to increase the radius
requires the reactance X +.X;, to decrease, since £, is
teserved for O control while 17, is the grid voltage. To achieve
this a capacitor with reactance X, is added in series with
the original interfacing inductance X. The new interfacing
reactance is

X =X+X,+X, 24)

where—if X;, = VX2 + R2 — X, as previously explained—
X, may be sized such that

X =yVX2+ R, (25)

with 0 <y <1 because the value of X, is negative.
This results in the radius

VO(E”/) 3%Em
ry,E,) = —— where n(E,) i= —————, (20)
Y 2V/X2+ R2

where we now explicitly notate that r is a function of ¥ and .
This replaces condition (23) with

n)(Em) > P2 +EZ 2e 3%E’”

ref <= ey
P+ € 24/X2 4 R2

14 2e

Likewise, the corresponding centre coordinates are 2 = 0 and

by 3V
by) = — where by 1= ————. 28)
Y 20/ X2+ R2

This replaces condition (20) with

3V
2YVX2 + R?

Now it is seen that problem of providing P = B¢ and Q0 =
Ores — O, with |Q,| £ € is a matter of setting the virtual reac-
tance and finding a suitable pair (Z,,, ¥) such that (27) and (29)
are met. Motivated by this, we define the following algorithm

(Ew - Vg) = Qrcf' (29)

for selecting the virtual circuit parameters.

Algorithm 1 (PO
Bcf) Qref5 T/g, R, X and €

Decoupling ~ Scheme).  Given

1) Obtain'y by solving the optimization problem

max {r: @7, 9),E)" <E,<Ey™y<1}. (30)
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FIGURE 4 A general configuration of the grid connected synchronverter.

2) Set the virtual resistance R, = —R and virtual reactance X, + X,
as

Xpp =

X, =@ -1D)VX2+ R (32)

Algorithm 1 selects the virtual circuit parameters such that
the power citcle passes through the points (P, Q) = (0, O,)
and (P, Q) = (Lt Ores — 0.), with |0,| L g, for some E,, €
[E,r,?i“, E,ﬁ?”] . The maximal ¥ is taken to maintain the interfac-
ing impedance as large possible while satisfying the developed
conditions on power supply and 20 decoupling; a smaller y
implies the need for a larger capacitance in series with the intet-

X2+ R - X (1)

facing impedance, and a small system impedance may lead to
large transient current values during faults.

3 | MODELLING AND COMPONENT
SIZING OF THE SYNCHRONVERTER
3.1 | Modelling of the synchronverter
A synchronverter is an inverter that mimics the operation of
a synchronous generator; a typical circuit diagram is given in
Figure 4. In this article, we consider—similar to [6]—that the
synchronverter mimics a round rotor non-salient machine with
no damper windings, no magnetic saturation, no eddy current
losses and one pair of magnetic poles.

On the electrical side, the machine is composed of the inter-
nal voltage (), armature resistance (R;) and inductance (L),
and terminal voltage (17), related as

7
E=Loi+IR+1, 33)

where 0 is the grid voltage angle, § is the power angle, and 7
is the supplied current. The internal voltage £ is controlled
by the excitation of the machine. For a three-phase system
with 7 = (1,,1,, 1)) and I/, = (1/,, 1, 1},), the internal phase
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voltages £ = (E,, E), E,) are

E‘{I = E‘”] Sin (e + 5)7
. . 27
B,,=Bwsm<9—7+5>, (34)
E, =Emsin<9 - 4?” +5),
where E,, = Kyw,, with K, an excitation constant from the

voltage control loop, and w, is the virtual frequency of the
synchronverter. The latter is governed by the swing equation,

dwi’ Pmec P
]y? = @ - 5 - D(CU[, - CU), (35)

where /, is the virtual inertia constant, @ is the nominal grid fre-
quency, P is the mechanical input power, and P is the power
supplied to the grid:

P=E,Isin@+8) + E, I, sin <e - 27” + 5)
» (36)
+ E,, L sin (9 - 4771 + 5),
with corresponding reactive power
QO=-E,I,cos( ©+06)— E,I,cos (9 - %ﬂ + 5)
37

— E,I cos (9 - %T +5).

3.2 | The virtual stator-component sizing

The output voltage of the VSI contains harmonics which hinder
its direct synchronization with the grid; these harmonics distort
the voltage profile and impose high reactive power requirements
on the power system operator (PSO). According to IEEE 1547
[32], the supplied current into the grid must have harmonic con-
tent less than 5%. Therefore, a low-pass filter is required to
ensure harmonic requirements are met; the Z.CL filter offers
a favourable solution here in terms of the harmonic attenua-
tion per unit cost and size [33], and is therefore designed for
interfacing the VSI with the grid.

In the current context the L.CL filter forms the stator of
the synchronverter, and thus its sizing is of great importance.
To achieve accurate sizing the algorithms proposed in [34-30]
are combined, with some modifications, accounting for the
following considerations.

* The power transfer between two synchronized sources is
limited by the size of the interfacing impedance between
them. If A, is the rating of the synchronverter, the maximum
impedance between the grid and synchronverter is

o = =55

(38)
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The total interfacing impedance, once the LLCL filter is added,
must therefore not exceed this value.
* The resonant frequency of the LCL filter is

frcs == (39)

where Z; is the inverter side inductance, Z, is the grid side
inductance and C is the filter capacitance. This frequency
must be within a specified range,

where f, is the power frequency and f; is the switch-
ing frequency, since resonance below this range adversely
affects power frequency operations, while resonance higher
than this range affects system sampling and switching of
the VSL.

Therefore (38) and (40) form two general conditions that must
be adhered to while sizing the filter for the grid connected VSL

3.2.1 | Sizing of the inverter side inductor (Z;)
The size of the inverter side inductance is determined on the
basis of the allowed current ripple of the supplied current to
the grid. Considering a three-phase—three-leg VSI, the supplied
current ripple is

214
Al = LDC n(l = m)T, (41)

7

where I'pc is the DC link voltage of the VSI, # is the modula-
tion index, 7; is the switching cycle period and A7 is the ripple
in the current supplied. The maximum supplied current ripple,
attained with 7 = 0.5, is

I'be
Al = .
max 6L] ﬁ

(“42)

However, the relation between maximum curtent /., rated
phase voltage ), and rated power 7, is

V2p

Lax = .
mex = T3 (43)
Therefore, if the allowed maximum current ripple is A/, =
1/, then
el
L= , (44)

N

is the required inverter side inductance.
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3 phase three leg VSI

LCL filter

Virtual RCL 9%
decoupling | | |
circuit ) = C

FIGURE 5 A modified synchronverter with RCZ.-decoupling circuit.

o

3.22 | Sizing of the grid side inductor (Lo)

The size of L, is related to L; by a parametric value 7:
Ly =1L, (45)

According to [34], the maximum harmonic attenuation is
obtained when » = 1 and, thus, the values of 7, and L, should
be equal.

3.2.3 | Sizing of the LCT Ailter capacitance (C))

The size of the capacitor affects the power factor and voltage
profile of the synchronverter. Moreover, its value is also affected
by, and inversely related to, the value of ;. That is, if there
is a large 7.;, a small capacitance is sufficient to ensure higher
harmonics attenuation. In [36, 37], Cy was sized to limit the
reduction power factor to 5%. Hence,

C; = 0.05C, (46)

where

1

C= . 47
! Znﬁ)lzlmax ( )

From extensive simulations results and considering the depen-
dency between Z; and f;, however, it was found that a more
effective sizing of C/s is

0.05
ppagun Ly (48)
27 fol Z; |
where
|Z| =27 fo(L; + Ly). (49)

4 | IMPLEMENTATION OF THE
PROPOSED PQ DECOUPLING SCHEME

The final implementation of the proposed scheme requitres the
addition of an RCI.-decoupling circuit, as shown in Figure 5;
this figure provides only a symbolic representation, because the
RCI.~decoupling circuit is implemented virtually in the con-
troller of the synchronverter. The virtual implementation of the
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FIGURE 6 Impedance model of the grid connected inverter with a series
virtual impedance.

decoupling circuit minimizes the cost of implementation and
ensures sustainable control; that is, it eliminates the need for re-
configuring the hardware part of the synchronverter should the
P requirement vary or the grid weaken.

The RCI-decoupling circuit modifies (33) to

E = / ia/t+ (LL,+LZ»)£ + /R, +R)+ 1. (50)
C, dr

The magnitude of L, is computed from X;,, while that of C,

is evaluated on basis of the value of ¥, which, as previously

explained, is selected based on the reference power (Ber, Ore)-

To obtain the reference powers, droop controllers are used:

Bef = Ree + Dy(@ — @,), G
Qref = Qsct + Dq(r/ref - Vg)’ (52)

where D, is the droop gain for the P—w control in the system
and D, is the droop gain for the O~ control. From the refer-
ence powers and selected value of ¥, C, is quantified and hence
the required magnitude of the virtual impedance. Moreover, the
required magnitude of the internal voltage (£,,) and power angle
(0) can be computed from the P and Q equations using X;
The synchronverter controller (SC) is, however, modified where
the input to the modulator is virtual power angle (8,) and vit-
tual amplitude of the internal voltage (£,,). These values are
computed from the impedance model of the grid connected
inverter, given in Figutre 6. Based on this model, the values of §,,
and %

my

can be calculated. Thus, contrary to [38], direct power-
angle control of the synchronverter is deployed which offers
simplicity in tuning of the parameters due to the removal of the
PI controller.

5 | SIMULATION RESULTS

Figure 7 provides a per-phase representation of a simplified
grid-connected synchronverter system used for simulation stud-
ies. The system parameters are as provided in Table 1. The
system is implemented and simulated in MATLAB/SIMULINK.

Five cases are demonstrated to test the validity of the pro-
posed PO decoupling scheme. The first case verifies the 20
coupling that exists when a synchronverter is connected to a
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TABLE 1  System parameters.

Parameter Value
Rated power (£) 5kW
DC bus voltage (I'pe) 700V
Phase voltage (1) 240V
Cr 50°F
Ly=1, 5mH
X /R ratio 1.05
T 407s
D, 5000
D, 50

x 0.1

weak grid without any decoupling technique. The second case
shows that there exists a partial /0 decoupling when a syn-
chronverter PQ power circle is virtually moved to the location
similar to the SG connection to the grid (Y = 1). The third case
demonstrates that satisfactory 20 decoupling is achieved with
y = 0.04. Then, the fourth and fifth cases are the extensions
of the third case, where the synchronverter under the proposed
scheme is shown to aid the grid during mild frequency and volt-
age variations. This is achieved without causing large undesired
grid currents. In all the cases, the system is initialized and the
circuit breaker is turned ON at 0.5 s to synchronize the inverter
to the grid.

5.1 | Operation on the actual PQ-power circle
Figure 8 provides simulation results for this case. Referring
to Figure 3, this case is similar to trying to control P and
O independently on the solid blue circle. Thus, no virtual
impedance is used and, hence, there is no quantification of
Y. A system is initialized and synchronised to the grid at
around 0.5 s. Then, while Q is kept constant, a step change
in P is demanded at 1s. It is observed that the measured P
follows the reference value (), but Q also changes, unde-
sirably deviating away from its setpoint. Hence, there exists
a strong coupling between P and @ and therefore a decou-
pling technique is required to achieve independent P and
O control.

5.2 | Operation on the shifted virtual
PQ-power circle (y = 1)

This is similar to controlling P and Q on the dotted blue cir-
cle of Figure 3. Hence, the radius of the actual 20 power circle
and shifted virtual 2D power circle are the same. Thus, the total
impedance (2 (X)) of the shifted virtual PQ power circle is
equal to the original interfacing impedance (Z (X, R)) between
the synchronverter and the grid. The proposed scheme is tested
under three step changes of P, that is from 0 to 1000 W at
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A grid connected VSI
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(b) Coupled reactive power.
FIGURE 8 A coupled 20 control. The supplied O increases away from

its setpoint when the supplied 2 increments to its new setpoint.

t = 1s, thence to 4000 W at # = 1.5, and finally to 500 W at
t=2s.

It is shown in Figure 9a that the measured P follows its ref-
erence at all times but the measured O deviates when P exceeds
1000 W. Therefore, there is partial A0 decoupling with y = 1.
It is also observed that the impact of adding virtual decoupling

RIGHTS LI MN iy

f v,

S

A considered grid connected synchronverter system for simulation studies.

impedance is on the voltage applied to the inverter. Figure 9¢c
shows that the required RMS voltage changes to 244.2V,
256.5V and 242.1V at the respective times corresponding to
a step change in P. Therefore, the addition of negative resis-
tance increases the voltage demand from the inverter, and the
values of the virtual impedance must be carefully designed
so that the increase in voltage by virtual impedance does not
cause the applied voltage to exceed the specified standard
voltage bounds. Moreover, the DC link must be designed to
ensure that it is capable of supplying the required increase in
voltage.

5.3 | Total decoupled PQ control (y = 0.04)
This case describes the total PQ decoupling by the proposed
scheme which is achieved when y = 0.04. A system is initialised
and synchronised to the grid at around 0.5 s. The ability to
decouple P and @ and achieve their independent control is
shown in Figures 10a and 10b. A step change of P is invoked
from 0 to 1000 W at # = 1 s, followed by changes to 4000 W and
500 W at times # = 1.5s and # = 2, respectively. Both the mea-
sured P and Q follow their references successfully during this
time. A step change in ( is then introduced from 0 to 500 var
at time # = 2.5s; this is done to demonstrate that both P and Q
can change independently. The measured Q follows its reference
successfully while P still tracks its reference.

In both Figures 10a and 10Db, transients occur in the P and Q
variables when the other variable changes. These are due to the
decoupling action and last for less than one quarter of the power

ASUDOI SUOWIO)) AATIEAIY) d[qeat[dde oy £q PaUIoA0S AIe SA[ONIE YO AN JO SA[NI 10f AIRIQIT AUIUQ AS[IA\ UO (SUOTIPUOI-PUR-SULId)/WOY" KI[IM" KIeIqI[our[uoy/:sdiy) SUONIPUOY) pur SWIAL, aY) 9S “[$70Z/01/€Z] U0 Areiqr auruQ Ad[im 1soL £q 811¢1°28d1/6+01°01/10p/wod" KoM Areiqriaurjuo-yoreasanay//:sdny woiy papeojumod 0 ‘b I1ZSLI



10 KISINGA ET AL.
4000 /= Pmeas E 4000 H—Pmeas J
- = =Pset e et
__ 3000 3000 |
E 2000 T ;

" = 2000 1
1000 1 1000 + ]

'] 7 0 4

¢ s 1 - 2 2 0 0.5 1 L5 2 2.5 3

Time (s) )

(a) Active power response.

T T T

1000 f == Qmeas
= = =Qset

0 0.5 1 1.5 2 25
Time (s)

(b) Reactive power response.

255 |
S

250 .
%
=
= 245 1
- ’—

240 ]

0 0.5 1 1.5 2 2.5
Time (s)

(c) Applied inverter voltage (Emu).

FIGURE 9  Partial PQ decoupling (with y = 1). The active power P
follows its setpoint while smaller deviations in O result.

frequency cycle; hence, they would not be expected to inter-
fere with the normal sychronverter operations. Since addition
of the RCL decoupling circuit places demands on the required
inverter voltage, it is important to analyse the magnitude of volt-
ages required when changes of both P and Q are invoked. In
Figure 10c, it is shown that the voltage required is within 10% of
the nominal voltage, which is a standard for many distribution
voltages. The maximum RMS voltage change from the nominal
value is +7.1% (from 240V to 257 V).

Finally, THD analysis was performed for each current sec-
tion during P and @ variations. According to IEEE 1547
standard [32], the THD of the injected current by the grid-
connected inverter must be below 5%. It is shown in Figure 11
that the THD for each current section is below this specified
value: the typical values of THS are 1.05%, 0.22% and 1.87%
for the different P values (with QO = 0) of 1000 W, 4000 W W
and 500 W, respectively; on the other hand, the THD was 1.49%
when P was set to 500 W and Q to 500 var.
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FIGURE 10 Total PQ decoupling (y = 0.04). Both 2 and Q follow their
setpoints.

5.4 | Response under grid frequency
variations

This fourth case aims to analyse the response of the modified
synchronverter when there are frequency variations in the weak
grid. A totally decoupled synchronverter (y = 0.04) is used.
Similar to the previous cases, the synchronverter is initialized
and synchronized to the grid at around # = 0.5s.

A step change in P, from 0 to 1000 W, is commanded at
t = 1s, followed by a step change in ¢, from 0 to 200 var,
at # = 1.5s. This is important to invoke normal operation
of the synchronverter at its limits before the insertion of
frequency variations.

It can be observed from Figures 12a and 12b that, prior to
the imposed frequency drop, R, = Per and Oser = Oper. That
is, there is no droop action and, hence, the grid frequency and
voltage are at their desired nominal values. At 7 = 2, a grid
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FIGURE 11 A THD analysis for the grid injected current.

frequency drop of 0.2% is simulated. The grid recovers after
25 power frequency cycles, as shown in Figure 12c. During this
time, the synchronverter remains synchronized with the grid
without producing large grid currents (Figure 12d).

Similarly, the synchronverter continues to supply power while
helping the grid to recover to its nominal grid frequency. This
is achieved by increasing the P supplied such that the P > R
(Figure 12a); the size of increase in ¢ depends on the value of
the droop coefficient D,. After the grid frequency recovery, the
synchronverter adjusts the supplied additional P, which was for
frequency recovery, to its setpoint such that B = P, again.
The measured Q follows its teference value albeit for some
transients during P changes due to the decoupling actions. The
synchronverter manages to track grid frequency without losing
synchronism (Figure 12¢).

5.5 | Response under grid voltage variations

The final case aims to validate the ability of the modified syn-
chronverter to aid the grid recovering to its nominal voltage in
the event mild grid voltage variations. Similar to Section 5.4, a
decoupled synchronverter (y = 0.04) is initialized and synchro-
nized to the grid at around 0.5 s, and the same P and ) changes
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are invoked at the same times seen in the previous case. A volt-
age sag of 90% is simulated at # = 25, from which the grid
recovers to its nominal RMS voltage after 25 power frequency
cycles (Figure 13e). In Figure 13a we see that the P supply is
maintained at all times, with £, = P because of the absence
of frequency variables.

Figure 13b provides the Q response under this scenario. After
the insertion of the grid voltage variation at # = 2's, the gener-
ated Q is increased by the droop controller, necessary to aid
the voltage recovery in the grid. This increase is maintained
until the grid voltage recovers to its nominal value at around
t=25s.

During the voltage step change, there is an surge of grid
current (Figure 13d). The magnitude of this transient current,
however, is less than 2 per units of the nominal rating grid
current, as can be observed in zoomed in phase A current in
Figure 13d; therefore, the transient current is within the typical
safe operating region of the semiconductor devices.

6 | CONCLUSION

A virtual shifting of the centre of the PQO-power circle and
its corresponding radius modulation has been presented, to
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FIGURE 12  System response under 0.2% grid frequency drop.

achieve decoupled PQ control for a VSG connected to the weak
grid. Implementation of the scheme and simulations were pro-
vided to demonstrate its validity. Using this technique a VSG
such as a synchronverter connected to the weak grid can achieve
a decoupled P control such that it can be controlled as a
typical SG connected to a strong grid. This is achieved with
simplicity in quantification of the type and their corresponding
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FIGURE 13  System response under a voltage sag of 90%.
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required magnitudes of the virtual impedance. Moreover, the
presented scheme adapts to the stochasticity of both loads and
RES such that it achieves PQ decoupling with the abrupt change
in power demand, which is likely in a weak grid, as presented in
the simulation results. Furthermore, the VSG can aid the grid
recovering to its nominal frequency and voltage in case of their
mild variations.

The proposed approach assumes knowledge of grid
impedance; in a practical weak-grid setting this may necessi-
tate the online estimation of impedance. The presented study
also considers a balanced grid—future work will consider unbal-
anced grids—and mild voltage variations rather than severe
faults. The issue with the latter is that the addition of a
series capacitor lowers the VSG-to-grid interfacing impedance,
so that high currents might result on occurrence of severe
faults. The proposed approach therefore requires a low volt-
age ride through technique (LVRT) to be coordinated with
the scheme during faults. As future work will show, this can
be achieved by augmenting the modified synchronverter with
superconductor fault current limiters (SFCLs). Moreover, the
use of an active SFCL can aid grid balancing in the event of
unbalanced conditions.

NOMENCLATURE

A virtual power circle identifier
Power angle
Phase angle of the grid voltage

14
é
6
D, Active power droop gain
, Reactive power droop gain
£ Internal voltage of the VSG
P Active power
Ps Reference active power
P Setactive power

Ry Measured active power

O Reactive power
Ot Reference reactive power
Ot Set reactive power
Measured reactive power
Resistance
Virtual resistance
Grid voltage
Reactance
Virtual inductive reactance
Virtual capacitive impedance
Impedance

Impedance between synchronous generator and
strong grid
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