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Abstract: This study proposes controls and power sharing design and architecture for a 100% inverter-based transmission
system. Such an operation scenario has already occurred for short periods in portions of several systems in the United States,
Europe, and Australia, and is likely to be more frequent in the future. The proposed algorithm enables the inverter-based
resources (IBR) to participate in power sharing based on an angle droop method that explicitly takes into account the IBR
ratings and preferred set points. This strategy results in an essentially constant-frequency operation of the power system without
relying on secondary controllers or communication for frequency restoration. The performance of the proposed architecture

under different operating conditions is evaluated via extensive simulation case studies in PSCAD/EMTDC software.

1 Introduction

The electric power system, once dominated by traditional
synchronous generation (SG), is experiencing a shift towards an
increased share of power electronically (PE) interfaced generation
[1-3]. This shift is mainly due to the increased integration of
renewable energy resources, such as wind and photovoltaic (PV)
solar [4], which use PE-based inverters, also known as inverter-
based resources (IBR). For example, in the United States, the
Bonneville Power Administration service area has several times
experienced 100% wind generation at night; the ERCOT system
had instances of 50% instantaneous penetration of wind. In
Australia (Tasmania), the power system routinely experiences
> 70% instantaneous inverter-based generation [2]. In Ireland, the
operators are expected to accommodate up to 75% instantaneous
inverter-based generation by 2020 [2]. A similar shift is being
experienced in loads: electric drives, which employ an inverter
interface for increased control and efficiency, are the largest
consumer of electricity (about 64%) in the United States [4].

This shift towards inverter-based resources brings about
significant challenges in power system dynamics, stability, and
control [5, 6]. Most existing inverters are programmed to rigidly
inject a certain value of power irrespective of the conditions of the
grid. This mode of operation is termed grid following as the
inverter synchronises to the grid voltage (‘follows the grid’) via a
phase-locked loop (PLL) and normally operates as a controlled
current source. However, the grid-following mode of operation is
not adequate for an inverter-dominated power system (IDPS). This
is because a PLL needs a relatively stiff voltage and frequency.
While this requirement is normally met in a conventional SG-based
power system, it may not be available in an IDPS. Therefore, some
inverters may need to operate in a different mode to control the
voltage and frequency of their buses. (In microgrid terminology, a
similar objective is achieved using master and slave inverters [7—
10].) Simultaneously, in an IDPS, it is imperative to ensure power
sharing among all inverters. Power sharing is defined as
coordinating dispatchable generation resources to meet the power
demand under varying conditions.

In a conventional power system, power sharing is typically
based on frequency droop, which stems from an SG's intrinsic
relation between power (generation/load mismatch) and frequency
(rotor speed) [11]. This power-frequency droop can also be adopted
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for an IDPS via inverter controls. For example, the authors in [12,
13] discuss the control of inverters as a virtual SG, where the
fundamental swing and electromechanical transient equations of an
actual SG are implemented in the control logic. The advantage of
this approach is that the IBR can use a similar controller as
conventional SG-based units. Frequency droop may also be
employed for a 100% inverter-based system. For example, in [14],
the applicability of frequency droop to operate an all inverter North
American interconnection is shown. Moreover, the European
MIGRATE project [15] recently proposed an inverter control
structure using the concept of threshold virtual impedance (TVI).
TVI improves the transient behaviour of droop control; however, it
needs a secondary controller to restore the frequency to its nominal
value. To obviate the need for a secondary controller, Yazdanian
and Mehrizi-Sani [16] proposed power sharing of inverters based
on their frequency transients; however, it assumes a stiff grid and
does not handle power sharing for inverters connected after the
transient.

In general, frequency droop (i) is a steady-state concept and
does not explicitly deal with fast transients including those of
inverters and (ii) introduces a steady-state error in the frequency
and needs a secondary controller to restore the frequency. In
addition, in a 100% inverter-based system, the notion of frequency
is relevant only for electrical quantities (rate of change of voltage
angle), as there is no rotor to define mechanical frequency.
Therefore, in such systems, the relevance and importance of
frequency are not well-understood or -established. Based on this
observation, Ramasubramanian et al. [17] proposed a constant-
frequency operation paradigm based on angle droop [18] and
discusses its reliability implications.

In angle droop, power sharing is achieved by changing the
angle of the terminal voltage of the IBRs. The authors in [18-21]
implemented angle droop for a parallel set of inverters connected
to the same point of common coupling in a microgrid via a series
filter. However, it needs central coordination and a communication
link to assign reference angles to the inverters. In [22], angle droop
is realised by an energy management system that monitors the
power flows and determines the reference set points for real and
reactive power of the IBRs. Again, this work is proposed for a
microgrid. If the communication link fails, the controller reverts to
frequency droop. In addition, the authors in [18-22] studied the
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Table 1 Comparison of the proposed angle droop method
with other methods

Ref. Angle  Applicable to Require Enforce
droop only current and
power
method? transmission GPS to limit of
system? operate? inverters?
[16] no no no no
[18-23] yes no no no
[17, 24] yes yes no no
proposed yes yes yes yes
method
DC
System V8Gi

Fig. 1 Generation unit i, as an IBR, interfaced to the power system
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Fig. 2 Overall structure of the proposed controller

\

angle droop for microgrids, which all have a reference point for
voltage angle of the system and can be calculated by local
measurements. However, in the power system, there is no reference
point for voltage angle. Thus, it cannot be measured through local
measurements. Majumder et al. [23] proposed angle droop for a
distribution system; however, it does not consider different modes
of operation of inverters and their current and real power limits
during both transient and steady-state operations. Therefore,
studying and designing an angle droop-based controller for the
power system merits more investigation.

In [17], the authors discussed the reliability implications of
angle droop without an associated explicit communication link for
nominal frequency operation. This paper builds on the proof of
concept presented in [17, 24] and proposes a new power sharing
algorithm that allows the inverters to deviate from their locally
determined set points to participate in real power sharing once
needed. The contributions of this paper are as follows:

* Propose a new angle droop-based power sharing algorithm for
generation resources in a 100% inverter-based transmission power
system that utilises only a global positioning system (GPS) and
local signals and does not require wide-area communication.

* Augment the proposed algorithm with additional control
mechanisms to enforce current and real power limits of inverters
during both steady-state and transient operations.

* Propose a parameter design guideline for the proposed control
and power sharing algorithm.

The proposed angle droop-based algorithm is compared with
other methods in Table 1. The remainder of this paper is organised
as follows. Section 2 presents the definitions and discusses inverter
types. Section 3 discusses the proposed algorithms for the IBRs
and provides insights into its operation principles. Section 4
discusses the parameter design for the proposed algorithms.
Section 5 presents the simulation case studies to evaluate the
performance of the proposed controller and power sharing method.
The results show that the proposed method can regulate the
voltage, real power, and frequency of the studied power system
during load variations, dynamic loads, faults, and loss of GPS
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signal, which confirms the performance of the proposed method.
Concluding remarks are provided in Section 6.

2 Definitions
2.1 Inverter operation modes

Inverters employed in the power system, regardless of their
hardware configuration, can operate in one of the two main modes:
grid-following or grid-forming—roughly equivalent to slave and
master controllers in the microgrid terminology [8]. The grid-
following mode of the operation itself can be further divided into
grid-parallel or grid-supporting modes. The output power of an
inverter in the grid-parallel mode is agnostic to the grid conditions.
A generation unit that uses a grid-parallel inverter is normally a
non-dispatchable unit, e.g. a rooftop PV unit or wind turbine
operating in maximum power point tracking mode. However, an
inverter in the grid-supporting mode is dispatchable and can
respond to the grid commands, e.g. by changing its injected real
(and possibly reactive) power, to participate in power sharing. Both
these modes normally operate the inverter as a controlled current
source and synchronise to the grid using a PLL that follows the
grid voltage—hence the name grid following. Thus, they need a
stiff grid voltage and frequency, which may not be available in an
inverter-dominated power system. (A grid-supporting inverter may
also operate without a PLL or stiff voltage if angle information is
provided through a GPS signal [25].)

In contrast, a grid-forming unit establishes and controls the grid
voltage and frequency and is controlled as a voltage source.
(Across the industry, there is yet no formally accepted definition
for a grid forming inverter.)

2.2 Control objectives

Fig. 1 shows a generic grid-forming unit interfaced to the power
system via an inverter [as a voltage-sourced converter (VSC)] and
an resistor—inductor—capacitor filter with parameters R, s;, Lc;, Rosi
and C;;. In this figure, i; and i; are the output current at the
terminal of the VSC and the injected current to the power system,
respectively.

The control objective of the inverter is to regulate its real power
P(t) and bus voltage magnitude | v,;(t) | to their reference set
points P; and |v,;|". The instantaneous three-phase terminal
voltages of the inverter v,;(f) can be constructed via a modulation
method by specifying its magnitude |v;(f)| and phase angle 6,,(),
whose reference points are determined by the proposed power
sharing algorithm. Fig. 2 shows the overall structure of the
associated controller. Section 3 discusses the details.

In a system at constant frequency f,, 6,,(¢) is

0.i1) = Qrfo)t + 6.i(0), (&)

where J () is referred to the voltage angle of the generation unit.
As discussed below, in the proposed architecture, inverter units
receive time ¢ from GPS to be able to participate in angle droop.
Modern power systems already use GPS data for measurement and
control [19, 25, 26]. In addition, the proposed control algorithm
can use an internal clock instead of GPS; however, whenever GPS
is available and its integrity is verified, GPS time is used for
synchronisation of the internal clocks. Thus, the dependency of the
proposed controller to GPS data is only for the internal clock
synchronisation, and the proposed algorithm is able to regulate the
real power and voltage at their reference values even with the loss
of GPS signal.

3 Proposed architecture for inverter-based

resources
3.1 Proposed voltage magnitude controller

Fig. 3 shows the proposed voltage magnitude controller. When the
selector is in +1 state, the controller uses an integral controller
with gain G, to determine the inverter terminal voltage | v, () |.
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Fig. 6 Vector diagrams of the two-bus system under operating conditions
(a) Grid-forming unit is large (see text for definition), () Grid-forming unit is limited,
(¢) Grid-forming unit is limited and brings J,f to zero

However, if current magnitude |i ;(¢)| exceeds its imit |i, ;(£)|,resnoras
the selector switches to —1 state, and the controller decreases the
inverter terminal voltage with the gain G,G, until it limits |i_(7)|.

3.2 Proposed real power-sharing algorithm

The underlying idea behind the proposed real power sharing
algorithm is that the injected real power of a generating unit at
transmission levels can be controlled by adjusting its voltage angle.
It is assumed that each grid-supporting unit has a preferred real
power set point Py, that depends on factors such as required power
reserve, available power, and possibly operator commands. The
proposed algorithm needs to ensure that the allocation of power to
grid-forming and grid-supporting units can meet the total load
demand. It calculates the modified power set point for each grid-
supporting unit as

P;s.dmop(t) = P:; + AP;([), (2)
where Py 400, 18 the modified set point due to the droop and AP is
its adjustment (Section 3.3). The sum of these adjustments should
equal the difference between the total demand and sum of the

power supplied by the grid-forming unit and the preferred powers
of the grid-supporting units

Z AP;SI = Pdemand - ng - ZP;s.i = Pgs-!ola]-changey (3)

where Py < Pymi. In our proposed power sharing algorithm, the
following design principles are considered:

* Principle 1: the power limits of all grid-forming and grid-
supporting units should be respected.
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* Principle 2: the reference set points of grid-supporting units
should not deviate from the preferred set points unless needed to
meet power demand.

* Principle 2*: the algorithm should also allow participation of
grid-forming and grid-supporting units, irrespective of their
preferred set points, in power sharing.

* Principle 3: the share of grid-supporting units in power sharing
should be based on their droop characteristic.

If the grid-forming unit is large enough, the grid-supporting
units continue to inject their preferred real powers P,;. The grid-
forming unit's voltage angle J,(¢) is maintained at zero and the
angles J,,;(t) of grid-supporting units are ramped at the rate C, until
P,.i(t) reaches Py,; as shown in Fig. 4.

However, if the grid-forming unit is not large enough or if its
Py 1s artificially lowered to redispatch power, the grid-
supporting units do need to participate in power sharing. First, the
proposed power sharing algorithm is discussed for the two-bus
system shown in Fig. 5, in which the power generated by one
inverter is consumed by the other (e.g. an island with a PV unit and
a battery unit) and then extend it to a generic power system. In Fig.
5, the system has a transmission line with inductance L. For
simplicity, we assume a steady-state in which J,; = 0; then the grid-
supporting unit increases its power output to Py. To meet Py,
similar to the previous case, the controller of the grid-supporting
unit ramps its angle J,(¢) at the rate C;. Simultaneously, the grid-
forming unit compares its output power with the limit |P(gf,mx|. If
|Ps| < | Perymn> there is the same controls as the large grid-forming
case discussed above. Fig. 6a shows the vector diagram for this
operating condition in the dg frame synchronised to (27 f,)z.

However, if |Ps| > |Pmnls 1. the power by the grid-
supporting unit exceeds the capability of the grid-forming unit, as
soon as |Py(f)| > | Petymu> the controller of the grid-forming unit
changes its angle J,(¢) to avoid further increase of its power and
violating the limit. Fig. 65 shows the vector diagram for this
operating condition. If Ju(f) is ramped at a rate C,> C,,
Ous(t) — Ou(2) changes at the rate C, -G until
| Pu(¥) | = | Po(t) | = | Pierymax |- Then the controller of the grid-
supporting unit continues to ramp up J,,(¢), but it cannot regulate
P,(1) to P, because 8,(f) — 6,«(7) is influenced by the grid-forming
unit and C, > C,. As a result, the grid-supporting unit continuously
rotates v,(f) vector in the dg frame at a rotating speed of C; rad/s.
Meanwhile, the grid-forming unit limits its power by rotating v,(z)
vector. Since |P(r)| changes around [Py ma|, ver(?) rotates in a stop-
and-move manner: It increases at a speed of C, rad/s whenever
Py(1)| > |Prymn] and stops whenever |Pu(f)| < |Pienjmal- The
average speed of v,(f) equals that of v,(¢) (i.e. C, rad/s). Therefore,
the system frequency f,, changes such that

| fo= ful =52 o)

both v,(¢) and v,(¢) vectors rotate in the dg frame at a speed of C,
rad/s. Therefore, the system frequency f,, changes such that

| fon=fol = 5. )

Eventually, | Py | < | Pirma |, at which point it is preferred to
bring () back to zero (at a rate C,) to facilitate the
implementation of the proposed angle droop algorithm presented in
the next subsection.

However, changing &,(f) should not affect the ability of the
grid-supporting unit to control its power P(f). Therefore, C,
should be smaller than C; so that while the grid-forming unit
adjusts ,(?), the grid-supporting unit can adjust its angle relative to
Ox(2). Fig. 6¢ shows the vector diagrams under this operating
condition.
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forming unit is
(a) Large (see text for definition), (b) Limited

3.3 Angle droop algorithm

To avoid the steady-state deviation of f.,, from f, upper and lower
trigger points for &,(f) are defined. In our angle droop
implementation, |Py| is reduced when 8,(z) is outside these trigger
points. The adjustment AP, in (2) is calculated as

; D(é(gs).max - 5gs(t))s 5(gs},max < 5gs(t)
AP, = D(5(gs),min - 5g~(l)), Otgsmin > Ogs(D) (6)
0, otherwise,

where D is the angle droop gain. With multiple grid-supporting
units, D of each unit determines its power share.

Fig. 7 compares the droop characteristic of the proposed angle
droop algorithm with the conventional frequency droop. The angle
droop characteristic, Fig. 7a, has a soft limiter shape, while the
frequency droop characteristic, Fig. 7b, is a straight sloped line.
This is because in frequency droop all units are expected to operate
at the same frequency but in angle droop units operate at different
angles and a range of angles (as specified by &) min aNd g5} max fOT
each grid-supporting unit) is possible. For symmetry, in the
remainder of this paper, it is assumed that e min = — Ojgs)max DUL
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the proposed angle droop algorithm can operate without this
assumption. The choice of J,mx 1S a trade-off between power
sharing accuracy based on D coefficients and the time it takes to
reach the steady state.

Fig. 8 shows the overall real power sharing algorithm
generalised to multiple grid-supporting units. The hysteresis band
prevents interference of the power limiting and angle control
features of the grid-forming unit. A bandwidth too large allows
| Pu(t) | to exceed Pymn; a bandwidth too small may result in
system instability due to the frequent changes in the control mode.
Therefore, the bandwidth should be chosen as a modest fraction of
Pyt as> €.8. 1%.

4 Parameter design and tuning

A discussion of some of the parameters, i.e. Cy, C, and Jymix, and
hysteresis bands, is provided in the previous section. This section
further discusses the parameters of the proposed algorithm and
their design criteria.

4.1 Selection of ramp rates C;

As mentioned above, the proposed algorithm ensures voltage
angles are within their limits. However, since the ramp rates C; to
change angles are limited, it takes some finite time for the voltage
vectors to rotate and reach the steady state. Without extra
measures, the real powers of grid-supporting units are uncontrolled
and may exceed their limits even though their reference values are
limited. To prevent this, a variable gain is adopted: if the real
power of a grid-supporting unit reaches its limit, the ramp rate is
changed from C, to a larger value C;. If C; > C,, the real power
limiting scheme of the grid-forming unit can no longer change the
real power of the grid-supporting unit as the voltage vector of the
grid-supporting unit will rotate at the speed of C; — C,. Therefore,
the grid-supporting unit can limit its output real power during this
time. Thus, the ramp rates should be

Co<C<C<Cs. )

4.2 Selection of droop parameters D, 8y min, N Sy man

This section discusses how the proposed angle droop algorithm
determines the share of each grid-supporting unit in supplying
Pys torar-change defined in Section 3.2. From (3) and (6)

Pgs»lolal»change = Z AP;SI = Z Di(égs,min - 6{;“) . (8)

If Pyiouichange = 0, 1.€. the grid-forming unit is large enough to
supply the power demand beyond the preferred set points of the
grid-supporting units, §, = 0 and all v,,; vectors cluster around it as
shown in Fig. 9a. Otherwise, as shown in Fig. 95, voltage vectors
are far from the zero angle and have an average angle of
Swe = mean(8,;). If D; values are small, | §,,. | is large and for all
grid-supporting units &; = &,... Therefore

Pgs»!mal»change = zDi(ags.min - 53\'5) . (9)
Subsequently

. D;
AI)gs.i = %Pgs-lolal-change . (10)
1

3D,

That is the real power change of each grid-supporting unit is
proportional to its droop gain D;. Choosing smaller D; values
results in more precise power sharing but a longer response time.

4.3 Selection of power limits

Power limits for grid-supporting units are based on their physical
limits. For example, for renewable resources such as wind and PV,
the maximum power is based on instantaneous maximum power
point (MPP): Py ux(?) < Pupe(?); the minimum power is zero. For a
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storage unit, the minimum and maximum power limits are based on
the state of charge to avoid overcharge or over-discharge.

5 Performance evaluation

Several case studies are conducted to evaluate the performance of
the proposed architecture. PSCAD/EMTDC is employed to model
the fast electromagnetic transients of the inverters. Fig. 10 shows
the study system chosen as the three-machine, IEEE/WSCC nine-
bus system.

The base values of the voltage and power used for per unit
calculations are 230kV and 100 MVA. The rated powers of the
IBRs at buses 1-3 are 250, 192, and 128 MVA. Per unit currents

100 MW
35 MVAR
230KV 1 05 i
0.0085+/0.072 0.0119+0.1008 J0.0586 138Ky

18kV  j0.0625 230kV.

( ) ‘ § B/2=j0.0745 B/2=j0.1045 g% ‘ (:)
163.0 MW 85.0 MW

6.7 MVAR 18 kV/230 kV S| e 2| 230 kV/13.8kV, -10.9 MVAR
o @ 3|z :lz © ®
= =
1 HE z|E I
125 MW I 7 IR oomw
SOMVAR S| & sory S S 30 MVAR
L O
16.5kV ; @
71.6 MW
27 MVAR
Fig. 10 /EEE/WSCC 9-bus study system
Table 2 Parameters of the controllers
voltage controller G =10,G, =2
i!.[.lhresho]d =15 pu (l = 1» 25 3)
real power controller Cy=0.75, C, =1.00

C, =125, C;=5.00
crmax = 250 MW, Py3 e = 128 MW
Pytmax = 192 MW
angle droop Dy = 5.0 x 10°MW/rad, D; = 2.5 x 10° MW/rad
Ogs.max = — Ogsmin = 0.75 rad

Py

are calculated on the base of their associated generator. The loads
are modelled as a constant impedance calculated at the nominal
voltage, except in Section 5.4, where induction motor loads are
used. All three IBRs are interfaced to the grid via an inverter. The
IBR at bus 2 is chosen as the grid-forming unit (gf), and the IBRs
at buses 1 and 3 are chosen as grid-supporting units (gsl and gs3).
Initially, buses 1-3 regulate their output real power and bus voltage
magnitudes to the rated values of the nine-bus system. Table 2
shows the controller parameters.

5.1 Step change in P;,; and | vy,; |

In this case, initially the grid-supporting units output their preferred
real powers. At t = 0.3 s, Py, ; increases in a step by 35 MW, and at
t=13s, | v, | increases in a step by 0.014 pu. The loads do not
change.

Fig. 11 shows voltage, current, real power, and frequency at
buses 1-3. As Fig. 11 shows, P,(f) tracks its set point P,; with a
rise time of 150 ms (inversely proportional to C,) and | vy(?) |
tracks |vy,| with a rise time of 50ms, and since
[ i{8) | < | lmesnos the voltage controller tracks its set-point
value with the gain of G,. During transients, the current magnitudes
change smoothly. Since the load is unchanged, after the increase in
Py5(t), Pyu(t) decreases with a gain of C, to maintain power
balance. When there is a step change in P,;, the proposed angle-
droop algorithm is activated, and the frequency returns to its rated
value (60 Hz) in the steady state.

5.2 Load increase

In this case, initially, the grid-supporting units output their
preferred real powers. At ¢ = 1 s, the real power of the load at bus 6
increases by 15 MW, and at ¢ = 3 s, the real power of the load at
bus 5 increases by 80 MW. This scenario is simulated once
assuming the grid-forming unit can accommodate the whole load
change (Py .. 1s large) and once when it cannot. As Fig. 12 shows,
in both cases, the first load increase is supported by an increase in
Py(t) with the gain of C, because | Py(f) | < Py However, the
two systems respond differently to the second load increase. In the
system with the large grid-forming unit, the load increase is
supported by an increase in P,(¢) and in the steady state, P,y = 264
MW. In the system with the small grid-forming unit, the load
increase is initially responded to by an increase in Py(f) until
Py(t) = Pyimax- Then, Py (1) and Py 5(f) ramp up. It takes ~1.5 s for
the grid-supporting units to reach their new reference power set

B B
db)1);,3/1.04 2 51.04 Vant
foliee] ol Ay
T>a 21.02 § 21.02
g =t
P 2
£1.00 £1.00
= 1.0 = 1.0
) EE— &
= ™~~~ £3
s .3 L5
E E 0.5 E 2 0.5
O s Qs
2 2
g 0 g 0
— 200 ~ 200
z ——_ =
52 =2
Z z
S =0
~N N
L 602 _ 602
58 > 8
g3 — g2
T 2 60,0 e e S ettt ™ S 2 60.0 === R e
== s g
g2 g2
= g 59.8 = g 59.8
?D 0 0.1 0.2 03 04 05 06 0.7 0.8 0.9 1.0 q:)n 1.0 1.1 1.2 13 1.4 1.5 1.6 1.7 1.8 19 20
Time (s) Time (s)
a of em— 0] — gq3 b

Fig. 11 Case study 5.1: measurements as

(a) P;\g changes from 85 to 120 MW at¢ = 0.3s, (b) | vy | changes from 1.026 to 1.040puats=13s
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Fig. 12 Case study 5.2: IBR measurements for the system with a

(a) Large (compared with load demand) grid-forming unit, (5) Small grid-forming unit. In both systems, the load at bus 6 increases by 15MW at r = 1 s and the load at bus 5

increases by 80 MW atr =3 s
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points. During this time, P,,(f) and P,,;(¢) are not under control but
are within their limits. In the steady state, AP, =48 MW and
APy ; = 23 MW. The ratio AP, /APy ; is 2.09, which is very close
to D,/D; = 2.00 (4.5% error). In summary, when the system has a
small grid-forming unit, once it reaches Py, the proposed angle
droop algorithm is activated to return the system frequency to 60
Hz. The voltage controller can return the voltage magnitudes to
their set point values in both cases, which confirms the
performance of the proposed controllers.

5.3 Loss of GPS signal

This case study investigates the effects of temporary loss of GPS
signals and potential subsequent tracking error of time. Initially, the
system runs as in the last scenario of Section 5.2. At t = 1s, the
grid-supporting unit 1 (gs,1) loses its GPS signal and exclusively
uses its internal clock. It is assumed that in the first 0.5s the
internal clock linearly deviates from the actual time and after that
the error remains constant (—0.25 ms). It should be noted that this
case study considers an exaggerated case. Local clocks are
expected to have a much better performance. Fig. 13 shows the
results. As the result of time tracking error, AP, changes from 48
to 50 MW and AP ; changes from 23 to 21.8 MW. Therefore, the
ratio AP,,,/ AP, ; changes from 2.09 to 2.29 (an additional 9.56%
error in power sharing). At t =4s, gs,1 regains access to GPS
signal and synchronises its internal clock with the GPS time in 0.5
s. This synchronisation brings APy, and AP, ; back to 48 and 23
MW, respectively. This temporary loss of the GPS signal slightly
degrades the accuracy of power sharing, but the controller can
regain its performance even in this exaggerated case.

5.4 Dynamic loads

This case study investigates the performance of the proposed
algorithm in the presence of dynamic loads with inertia. Two
induction motors (IMs) are connected to bus 6 (15 MW, IM1) and
bus 5 (80 MW, IM2). Initially, both IMs run under no-load
conditions. IM1 is loaded at r = 1s and IM2 is loaded at t = 3s.
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IM1 changes from no-load to full-load at t = 1 s and IM2 changes from no-
load to full-load att = 3 s

Both loads are linear with a mechanical torque proportional to
speed. Fig. 14 shows the results. The grid-forming unit provides all
of the power needed by IM1 since its power is smaller than Py .,
and it ramps up with the gain of C,. However, loading of IM2
needs power from the grid-supporting unit and hence, results in
increase of P, () and P,;(¢) based on their droop gains D; and D,
respectively. When IM2 is loaded, there is a drop in the system
frequency; however, the proposed angle-droop is activated during
this time and it returns the frequency to 60 Hz. During start-up, the
rotor speeds are smooth, but their electromagnetic torques oscillate.
Subsequently, their real powers (electromagnetic torque times rotor
speed) oscillate too, resulting in small oscillations in the voltage
and real power. These oscillations are related to the mechanical
modes of the IMs and their analysis is beyond the scope of this
paper.
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5.5 Power redispatch

This case study evaluates the performance of the proposed angle-
droop algorithm and controller to track a change in Py m,. In this
case study, initially, the grid-supporting units output their preferred
real powers and the grid-forming unit provides 170 MW. Atr =25,
Pyt o decreases from 192 to 120 MW. Subsequently, a portion of
the load initially supplied by the grid-forming unit has to be
provided by the grid-supporting units. Fig. 15 shows that after the
reduction in Py, Py and P increase by 33 and 17 MW to
compensate for the mismatch between generation and demand.
This change is proportional to the droop gains of the grid-
supporting units as expected. As Fig. 15 shows, when there is a
decrease in Py, the frequency drops; however, the proposed
algorithm actives and returns system frequency to the rated value
of 60 Hz.

5.6 Fault

This case study evaluates the system response to a fault. Initially,
the system operates under nominal conditions when a three-phase
bolted fault occurs at # = 0.2 s in the middle of one of the double
transmission lines between buses 4 and 5 (this second line is added
for this case study). After 100 ms, the fault is cleared by the circuit
breakers at the two ends of the line. As Fig. 16a shows, the current
limiting function of the controller activates when the current
reaches the threshold value (Table 2). This threshold depends on
the rating of the switches (with respect to the inverter rating),
cooling mechanism, and system considerations. In this paper, this
limit is chosen heuristically. The limiter is not a replacement for
protection or the current limitation provided by limiting the
reference current values.

The maximum instantaneous current magnitude is 1.8 pu.
Moreover, minimum and maximum voltage amplitudes of the
generation buses are 0.2 and 1.1 pu, respectively. When the fault is
cleared, the system returns to its normal operation. Fig. 165 shows
the result of the same case study if the proposed voltage controller
is not augmented with a current limiter. The maximum current is
4.8 pu and the minimum and maximum voltages are 0.5 and 2.0 pu.
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Fig. 16 Case study 5.6: measurements at buses 1-3 when a fault occurs at t = 0.2 s and clears after 100 ms

(a) With the current limiter, (5) Without the current limiter

6 Conclusion

This paper proposes a new angle-droop-based algorithm for power
sharing of generation resources in a 100% inverter-based power
system. The proposed method only utilises GPS and local signals
and does not need central coordination or communication. The
proposed algorithm considers the current and real power limits of
inverters during both steady-state and transient operations and
respects their preferred set points as much as possible. A
parametric design guideline is also proposed for the proposed
control and power sharing methods. Simulation results confirm the
effectiveness of the proposed algorithm in different scenarios
including load change (the droop ratio error is
< DIFadd ><< IDIFadd > 5%), energisation of dynamic loads,
power redispatch, and fault. A suggested future work, which
reinforces the proposed algorithm, is the stability analysis of the
power system with the proposed controller and angle droop-based
power-sharing method.
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