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Abstract— This paper studies the transient behavior and fre-
quency stability of a grid with a large share of distributed energy
resources (DERs) during a bottom-up restoration process. This
work is motivated by a real-world restoration process, during
which the tripping of the DER frequency protections led to the
frequency instability and finally to the collapse of the system.
The main contribution of the paper is the proposal of a DER
control strategy based on the estimation of the rate of change
of frequency and fast frequency regulation. A comprehensive
stochastic analysis in time domain shows that the proposed
control effectively prevents the occurrence of the instability
during the restoration process.

Index Terms— Power system restoration, Distributed Energy
Resource (DER), Rate of Change of Frequency (RoCoF), stochas-
tic differential-algebraic equations.

I. INTRODUCTION
A. Motivation

An emerging challenge of power system restoration is
the growing share of Distributed Energy Resources (DERs)
in distribution networks. DERs impact on the steady-state
security [1], [2] as well as on the transient stability [3], [4] of
the restoration process. The traditional bottom-up restoration
strategy does not appear to be suitable anymore for networks
with high penetration of non-synchronous generation. The
dynamic response and protection of DERs, in fact, introduce
a high level of volatility in the overall dynamic response of
the grid during the restoration process.

The effect of DERs on restoration can be well illustrated
with an event occurred in Northern Italy in 2020, when a
simultaneous frequency protection tripping of the DER units
led to the system collapse during a restoration test. Figure 1
shows the actual recordings of this event. The active power
generated by the pilot power plant (blue line) decreases after
each portion of the distribution system is restored since the
DERs gradually supply the loads. However, the frequency
deviation following each step triggered the under-frequency
relays of the DERs. This eventually led to the system col-
lapse when the pilot generator under-frequency protection has
switched off due to the further power unbalance (see zoomed
box corresponding to ¢ ~ 7000 s in Fig. 1).
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Fig. 1. Frequency (red line) and active power (blue line) measurements of a

real-world power system restoration test performed in Northern Italy in 2020.

In this real-world example, the collapse was ultimately
caused by the frequency protection systems of the DERs
that were set to comply with the requirements of distribution
operators, i.e. short circuits faults and anti-islanding issues [5],
[6]. These settings, however, do not always fit the needs of the
transmission system. During the restoration process, in fact,
the bulk power system is characterized by a very low inertia
and is thus particularly sensitive to any power unbalance. This
paper proposes a simple yet effective control strategy of DERs
that, while not compromising the normal operation of the
system, is able to prevent the triggering of their protections
during the restoration.

B. Literature Review

The research on power system restoration has traditionally
focused on system operation issues [7], the main objective
being the optimal allocation of resources to restore, maximize
the portion of recovered load and minimize the outage time [8],
[9]. This is generally formulated as a constrained optimization
problem [10]. The stability analysis of the restoration process
has become relevant only in last two decades [11]-[13] and
has been also studied through mock drills [14], [15], which,
however, were based on conventional synchronous-machine
dominated power systems. The problem of the system collapse
caused by frequency variations have been studied also in
the field of the control of microgrids [16], [17]. Moreover,
microgrids have been exploited to perform service restoration
[18]. Several emerging technologies have been proven to
be effective for the bulk power system restoration process,
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such as Battery Energy Storage Systems (BESSs) [19], Line-
Commutated Converter (LCC)-High Voltage Direct Current
(HVDC) transmission systems [20] and Voltage Source Con-
verter (VSC)-HVDC ones [21] .

Very recently, the stability analysis of power system restora-
tion has faced a new challenge due to the ever increasing share
of DERs on the distribution side. Several recent works propose
to involve the models of distributed resources in the study of
the restoration process [3], [4], [22], [23]. References [24] and
[25] show that if the DERs provide frequency support through
a conventional droop control, the frequency behaviour during
the restoration process is improved. However, as we have
discussed above, while potentially ameliorating the restora-
tion process in terms of generation capability, the untimely
disconnection of DERs can lead to a system collapse.

Only in recent years, international standards have been try-
ing to cope with the DER protection issues. A popular solution
consists in relaxing the thresholds of the frequency and of the
Rate of Change of Frequency (RoCoF) protections [26]. This
solution, while avoiding the untimely trigger of the frequency
protections during the restoration process, constitutes a po-
tential problem in normal operation. In normal operation, in
fact, larger thresholds of the protections may sustain chort-
circuit currents or lead to separate portions of the distribution
grid. To avoid these events, in [27] a protection with enlarged
frequency thresholds but with the ability to shrink the threshold
based on a zero sequence voltage detection is implemented.

A more sophisticated solution consists in the implemen-
tation of an Active Network Management (ANM) system
that remote controls each single DER unit connected to the
distribution network. A standard on ANMs has been defined,
e.g., in Great Britain [28]. If an ANM is implemented in
accordance with the IEC 61850 standard [29], the Distribution
System Operator (DSO) can act remotely on the threshold of
each DER unit and thus avoid the undesired disconnection
of the DERs during a restoration process. However, there are
still several DERs that are equipped with standard frequency
protections that use conservative (strict) frequency thresholds,
making the power system not reliable for the classical restora-
tion process.

C. Contributions

The paper demonstrates how the role of DERs can be
converted from passive and potentially harmful “observers” to
pro-active “players” of the restoration process after a blackout.
The specific contributions are threefold, as follows.

e We propose a model to study the transient behavior
and frequency stability of a bottom-up power system
restoration considering a large share of DERs and their
protection schemes.

o We show that the contribution of a conventional droop
control for DER units might not be enough to prevent the
system collapse during the restoration process, in case of
tripping of DER frequency protections.

e« We propose a solution based on a RoCoF control for
DERs. This solution is shown to solve the protection
tripping issue without compromising the system dynamic
performance in normal operation.

The proposed solution is as simple as effective and does not
require a specific set up. The effectiveness of the proposed
control strategy is thoroughly tested considering a stochastic
analysis and under several scenarios. These scenarios take into
account the effect of volatility of lags and frequency relays on
the restoration process. In particular, we consider stochastic
processes to model the load absorption and the amount of DER
power disconnected by the frequency relays. Moreover, it is
relevant to note that an advatange of the proposed approach
is to be based on conventional DER fast frequency control.
Using technology that is already commonly included in DERs,
in fact, avoids the need for expensive ad hoc hardware and
communication systems.

D. Paper Organization

The remainder of the paper is organized as follows. Section
II outlines the model utilized to simulate the dynamic behavior
of the grid during the restoration process. Section III presents
the case study, which considers a variety of DER configu-
rations. These include various frequency protection tripping
setups and different levels of DER generation capacity. Section
IV draws conclusions and outlines future work.

II. MODELLING

Power systems subject to random perturbations and noise
can be conveniently modeled as a set of hybrid stochastic
differential-algebraic equations and switching diffusions, as
follows [30], [31]:

= f(z,y,nu,a),
0=g(z,y,nu ), M
n=a(n)+b(n)ok,
0= h(x7y7n?u’) —Q,
with initial conditions
w<to) =Ty, y(to) =Y, 77(750) =My, 2)
u(ty,) = u,, a(ty) = a,,

where & € R! is the vector of state variables; y € R™ is the
vector of algebraic variables; 7 € R"™ represents the vector
of uncorrelated stochastic processes; & € R™ is a vector of
n-dimensional uncorrelated white noise; u € R” represents
the vector of input variables (e.g., reference voltage of the
voltage controllers and DER active and reactive power set
points); and o« € R?® are continuous-time Markov chains
(i.e. discrete events) modelled through finite-state processes.
The equations f : RIF™+n+r+s Rl are the deterministic
differential equations; whereas g : R!Tmtntrts ., Rm
are the algebraic equations. The stochastic processes feature
two terms: the drift, a R™ +— R", and the diffusion,
b : R® — R”. Equations h : RI+™7+7 . RS represent
the switching diffusions that define the discrete events cx.
Finally, o represents the Hadamard product, i.e., the element-
by-element product of two vectors.
In the remainder of this work, we assume the following.

o The stochastic processes 1 are additive and are applied
to the load power consumption.
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o The power set points of the DERs are modelled as a
subset of w and are initialized randomly using a uniform
distribution at the beginning of each time domain simu-
lation.

o The amount of power of the DERs shed as a consequence
of the frequency protection tripping is modelled as the
continuous-time discrete events c.

The schemes of the DER controllers as well as of the specific
equations that describe the stochastic processes are given in
the remainder of this section.

A. Black Start Unit Model

The bottom-up restoration process requires a pilot genera-
tion unit with low consumption auxiliary services, a fast power
supply system and a high inertia. Typically, the most suitable
generation units are hydro- or gas-turbine power plants [32].
In this paper, we consider a conventional hydroelectric power
plant since this was the unit discussed in the introduction and
illustrated with Fig. 1. The Synchronous Generator (SG) is
represented with a classical 4th order (two-axes) model [33].
The voltage regulation is provided with a simplified Automatic
Voltage Regulator (AVR) IEEE type DC-1 [34]. The frequency
control and the turbine model diagram are shown in Fig. 2.
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Fig. 2. Frequency control diagram of the black start unit.

For the Primary Frequency Control (PFC) and for the
turbine model, we utilize the governor for hydraulic turbines
model of [35] and we insert an additional channel to provide
Local Integration Control (LIC). The LIC is generally enabled
for emergency condition frequency deviations through a step
dead-band and is always installed on the black start units. The
LIC ensures the perfect tracking of the frequency also for iso-
lated generators without Automatic Generation Control (AGC)
[36]. Compared to AGC, however, the LIC is characterized by
a higher gain k in order to speed up the frequency restoration.

The effect of the frequency regulator can be related to the
power balancing of the system with only one SG through the
well-known swing equation:

Mcw = pm — pc + DgAw, 3)
where Aw = w™f — w is the rotor speed deviation from the
reference angular speed w™f; D¢ is the damping; M is the

mechanical starting time; pg is the electrical power of the SG
injected into the grid; and p,, is the mechanical power of the
SG. The mechanical power can be assumed to be the sum of
three components:

Pm = P& + PPFC + PLIC » €]

where pY, is the power set point obtained by solving the power
flow problem; pprc is the active power regulated by the PFC
and pric is the active power regulated by the LIC.

B. DER Model

This section describes the DER aggregated model and con-
trollers that are utilized in all examples of the case study pre-
sented in Section III. Note that the utilization of an aggregated
model does not reduce the generality of the study carried out
in this work as we take into account aspects such as network
topology and effects of granularity of the distribution system
through the diffusion switching process described below in
this section. This stochastic approach allows considering the
spatial distribution of the DER units through a temporal effect,
by applying a stochastic behaviour on the switching diffusion
of the DER aggregation, as outlined below. This modelling
appears appropriate as the DERs connected to the distribution
system are for the most part small-capacity grid-following
devices, which have thus little influence on local frequency
fluctuations of the grid [37].

The block diagram of the DER control model is shown
in Fig. 3. This model consists of an inner control loop,
that regulates the current components iq and ¢y in the dg-
axis reference frame, and one outer loop that implements
the frequency control. This controller is fed with the angular
frequency error w*" —w and implements a proportional droop
control with constant Rp and a low-pass filter with time
constant 7; as well as a RoCoF control with washout filter with
time constant T.,. In the case study, for some scenarios, the
RoCoF control is disabled by setting T, = 0. The frequency
control output is then added to the DER active power reference
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Fig. 3. Diagram of the inner and the outer control loops of the DER model.
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The current components ¢4 and i, are limited by two anti
wind-up limiters, in order to bind the generated power to the
maximum capacity of the aggregation of DERs. The active
and the reactive power output pp and gp of the DER are then
obtained from the current components iq and i, as follows:

PD UdZ-d + qu-qa )
gD = Uqld — Vdlq -
It is convenient to recall how the controls implemented on
DER affect the implementation of the swing equation (3). In
the first instants following a contingency, (3) becomes:

(Mg + Tww)» = (pm + PiS7) — pr + (Dg + 1/Rp)Aw, (6)

where pr, is the total electrical power absorbed by the loads
and Rp is the constant of the droop control. Equation (6)
shows the contribution of the RoCoF control on the total
equivalent inertia of the system during the first instants after
a contingency.

A frequency relay logic is also implemented to control the
DER power reference p%' by multiplying the power of the
DER in steady state, p%, by a continuous variable « € [0, 1],

hence:
ref

P =aph. (7)
This quantity o models the tripping behaviour of an aggrega-
tion of DERs and is defined as the product of two components:

o = hdet hnoise ) (8)

where hget is deterministic and hpeise 1S @ continuous-time
Markov chain.

The deterministic component hgey is associated with the
frequency protection thresholds imposed by national and/or
international standards, e.g. [5], [6], [38], [39], as discussed
in Section I. The component he; is a staircase function with v

steps of generation of size k;, i = 1,...,v, with 7, k; = 1.
Each generation step certainly trips if the frequency deviation
exceeds the threshold ¢;, ¢+ = 1,...,v. The overall tripping
logic is given by:
1, if |Aw| < ey,
17](11, if51<|Aw\§£2,
haew = 1= ki, ife; < |Aw|<ejr, 9
1- Sk, ife,1 < |Aw| < ey,
0=1->"k, if |Aw| > e,

where Aw = wy — w is the angular speed deviation from the
nominal speed wy. The blue lines in Fig. 4 illustrate (9) for
different values of v.

Equation (9) is suitable to model a given number of clus-
ters of small DERs. However, the behavior of aggregated
DER model that includes several smaller devices shows, in
practice, a more granular and volatile response. To take into
account that aggregated DER models do not trigger their full
capacity instantaneously, we include the switching diffusion
hnoise- This component has ultimately the effect of making
the discrete event « stochastic. The model that defines the

continuous Markov chain for each step of generation k; is as
follows.

We assume that each step k; is composed by sub-steps /@g,
forj =1,...,u, where /ﬁlz are the components of a vector k;
defined as follows:

K = kiry (10)

Freees! J....,r" is a vector with 17 ~ U0, 1],
i.e., the elements r] are uniformly distributed in the range

[0,1] and satisfy the condition:

where 7; = [r] r

Jo_
r; =1.
1

(1)

m

J

The frequency threshold ¢; is also split into randomly dis-
tributed sub-intervals e! ~ Ule; — Ae;,e; + Ag;)], for j =
1,...,u, where Ag; is the uncertainty on &;, and they are
sorted in order to satisfy the conditions:

(ei—Agj) <el <e? < - <el <(ei+Ag). (12)
Similarly to (9), the switching diffusion he;se 1S composed of
v blocks, and each block has . random steps. The ¢-th block,

say hp . 1S given by:

1, if |Aw| < e},
1—7r}, ifel <|Aw|<e?,

hi - 1—Zl 'rj if el < |Aw] <t 13

noise j=1"4> i >~ € s ( )

. 1 j o1
DY if el ™" < |Aw| < e,
0=1-3"_r if [Aw| > e’

The red lines in Fig. 4 illustrate the behaviour of the random
processes «; and e, and Fig. 5 gives a detail of Fig. 4 for the
i-th step. Note that for © = 1, « collapses to the deterministic
function hget (blue lines of Fig. 4 and Fig. 5).

C. Load Model

The load power consumption models represent areas con-
taining several thousands of physical devices and appliances.
In this paper, the stochastic behavior of these equivalent
aggregated loads, formulated as in [30], is as follows:

PL =PLo + Mp,
qr. = qro + g,
Np = —aphp +bp&p,
Ng = —aqlq + bg &g,

(14)

where pro and gr,o represent active and reactive load powers;
ap and a, are the mean-reversion speed terms; b, and b, are
used to adjust the variance of the processes; 7, and 7, are two
stochastic processes with zero means and standard deviations

by/+/2a, and by /+/2a,, respectively; and &, and &, are white
noises.
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Fig. 4.  Graphical representation of the function that defines the discrete
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event « for the i-th block of generation; the blue lines represents hqet alone
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Fig. 6. Test grid utilized in the case study.

III. CASE STUDY

This case study illustrates the impact of DERs connected to
the distribution grid on the dynamic performance of a bottom-
up power system restoration process. With this purpose, we
consider the grid depicted in Fig. 6.

The grid is built ad hoc for this study and consists of:

o A hydroelectric power unit equipped with a conventional
synchronous generator connected to bus 1;

e A 15/230 kV step-up transformer that connects buses 1
and 2;

o Three 230 kV transmission lines that connect buses from
3 to 5;

o Three aggregated loads connected at buses from 3 to 5
and representing the power consumption of distribution
grids;

o Two units of aggregated DERs connected at buses 3 and
4 and representing the distributed generation connected
at the distribution grid level. DER1 follows the tripping
driven by the switching diffusion « as discussed in
Section II-B, and DER?2 provides frequency support. In
particular, for the deterministic component of «, hget, We
assume two main thresholds, namely, 0,006 pu(Hz) and
0.02 pu(Hz), as these are the values currently utilised
by most DERs of the Italian distribution network. The
DER units are assumed to generate the maximum power
allowable by their prime source. The uncertainty on the
DER generation is not taken into account since we are
interested in the time scale of few tens of seconds, when
the generated power can be assumed to remain constant.

In all scenarios discussed in the remainder of this section,
we assume that the hydroelectric power unit energizes buses
1 to 5, and that L1, L2, DER1 and DER?2 are connected to the
grid. Then, we simulate the connection of load L3 att =1 s
assuming that the system is in steady-state with the operating
condition shown in Table I, which was obtained with the grid
data given in the Appendix.

TABLE I
INITIAL OPERATING POINT OF THE TEST SYSTEM OF FIG. 6.

Bus 9] 4y PG, PD 4G, 9D PL qL
# | [pukV)] | [rad] | [puMW)] | [puMvar)] | [pu(MW)] | [pu(Mvar)]
1 1.000 0 0.2 —0.056 0 0
2 1.005 | —0.0194 0 0 0 0
3 1.010 | —0.0417 —0.2 —0.03 0.2 0.03
4 1.022 | —0.0418 0 0 0.2 0.03
5 1.024 | —0.0418 0 0 0 0

The connection of load L3 causes an active power unbalance
of prs = 0.089 pu(MW). This leads to a decrease of the
synchronous rotor speed and, hence, of the system frequency.
The amount of the power insertion is chosen on purpose. It is,
in fact, the minimum power that makes the frequency nadir to
reach the value of the under-frequency protection threshold,
namely, 0.95 pu(Hz) in this case study. This is a typical value
that triggers the majority of the synchronous generators [40].

Then, we assume that loads L1 and L2 are stochastic
and described by (14). DER1 power set point is defined by
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ap1 p%;, where ap; is the stochastic variable described in
Section II-B. The set point of DER2, on the other hand, is
assumed to be always deterministic, i.e., apes = 1, and to be
null in steady state, i.e. p, = 0, in order to guarantee a plenty
capability reserve to provide under frequency regulation after
the power unbalance (its total capacity is 10 MVA).

DERI and DER?2 are modelled as in Fig. 3 and their control
capability depends on the scenario, as follows.

o Scenario 0 (S0): the DERs do not trip and do not provide
frequency control (Section III-A).

e Scenario 1 (S1): the DERs can trip and do not provide
frequency control (Section III-B).

o Scenario 2 (S2): the DERs can trip and provide frequency
control (Section III-C).

o Scenario 3 (S3): the DERs can trip and provide frequency
and RoCoF control (Section III-D).

o Scenario 4 (S4): same as S1 but considering a Monte
Carlo analysis and a switching diffusion ap; in DER1
(Section III-E).

o Scenario 5 (S5): same as S1, S2 and S3 but considering
a Monte Carlo analysis with uniformly distributed initial
power set point of the DERs (Section III-F).

Section III-G performs a comparison between the proposed
solution and other possible solutions proposed in the litera-
ture. The data of the grid as well as the parameters of the
synchronous machine, of the loads and of the DER are given
in the Appendix. Simulations are carried out with the Python-
based software tool Dome [41].

A. Scenario 0

This scenario assumes that the DER units do not switch off
and do not provide frequency support. In this scenario, thus,
ap1 has the shape shown in Fig. 4a with the parameters of
the second column of Table IX. The results of this simulation
are shown in Fig. 7. As expected, the frequency nadir reaches
the minimum value of 0.95 pu(MW), the restoration process
completes successfully and the system remains stable.

It is important to note that this scenario represents, in turn,
the behavior of the “conventional” grid, i.e., the distribution
system including only passive loads. The fact that the system
is stable indicates that the instabilities shown in S1 and S2 are
due to the protections and the ineffective control of the DERs.

B. Scenario 1

In this scenario, the DERs can trip and do not provide
frequency control. As discussed in Section I, it is reasonable
to assume that, in some networks, a non negligible quota of
DERs may still utilize a strict frequency threshold.

With this in mind, in this scenario, two frequency protection
setups are considered. The first setup (Sla) assumes that the
half of the DER1, corresponding to half of the generated power
(0.1 pu(MW)) has one strict frequency protection threshold.
For S1a, the shape of ap; is the one shown in Fig. 4b with the
parameters of the third column of Table IX. The second setup
(S1b) assumes that the same amount of DER1 (0.1 pu(MW))
has two strict frequency protection thresholds. For S1b, thus,

= 0.3251 [ S
i N _.Sla...
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Time [s]
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Fig. 7. Simulation results for scenarios SO-S3: (a) active power generated by
the hydroelectric black start unit; (b) active power generated by DERs; and
(c) frequency of the Col.

the shape of ap; is the one shown in Fig. 4c with parameters
of the fourth column of Table IX.

Simulation results for these scenarios are shown in Fig. 7.
The early tripping of the DER frequency protections makes
the frequency to exceed the threshold of the hydroelectric
generator, due to the higher amount of load which has to be
balanced. The system eventually collapses as a consequence of
the trip of the black start unit. This happens both for Sla and
S1b, thus indicating that relaxed frequency thresholds might
be dangerous for the stability of the restoration process.

C. Scenario 2

In this scenario, we discuss the effect of the frequency droop
control implemented on the DERs. With this aim, DER2 is
assumed to regulate the frequency and the variable ap; takes
the shape shown in Fig. 4c with the parameters of the fourth
column of Table IX.

The simulation results of this scenario are shown in Fig. 7.
The contribution of the droop control of the DERs enhances,
as expected, the frequency behaviour as compared to SI.
Nevertheless, the support provided by the DERs is still not
enough to avoid the collapse of the system.
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D. Scenario 3

In this scenario, we discuss the combined effect of the droop
control and of the RoCoF (inertial) control provided by the
DERs. The function ap; is assumed to have the shape shown
in Fig. 4c with the parameters of the fourth column of Table
IX.

Simulation results are shown in Fig. 7. The contribution
of the RoCoF control significantly enhances the dynamic
response of the system and prevents the system from col-
lapsing. As it appears, the first instants after the connection
of L3 are critical for the remaining part of the transient. In
fact, the power injected because of the RoCoF control in
the first instants following the power unbalance helps reduce
the frequency nadir and, hence, prevents the triggering of the
DER protections. On the other hand, in the first instants, the
conventional droop control of the DERs gives a relatively
small contribution, even if in the long term dynamics it is
the same of the combined controls.

Note that the same DER frequency response obtained in S3
can also be achieved by applying a smaller value of Rp to
the droop control. This specific case is discussed in Section
1I-G.

E. Scenario 4

In this scenario, ap; is modelled as a stochastic switching
diffusion by taking into account different values of frequency
protection thresholds, as described in Section II. In particular,
ap; is assumed to have the shape shown in Fig. 4c (red lines)
and the parameters of the fifth column of Table IX. A Monte
Carlo analysis consisting of 250 parallel simulations is carried
out. Simulation results are shown in Fig. 8 and indicate that
the volatility of the frequency protection of the DERs has a
negligible impact on the overall frequency response of the grid.
The frequency standard deviation is, in fact, 0.005 pu(Hz).

F. Scenario 5

In this fifth and last scenario, the power share of DERs
installed on the distribution grid is varied using a uniform
distribution. That is, p%, ~ (0, 0.2) pu(MW).

This analysis is applied to S1, S2 and S3. Simulations results
are shown in Fig. 9. Figure 9b indicates that the application
of the droop control alone is unable to avoid the occurrence
of instability for any value of the DER power production.
Figure 9c, on the other hand, shows how the RoCoF control
prevents from the system collapse for every value of pY.
Figure 9c shows two clusters: cluster #1 is related to high
values of pY) for which the RoCoF action prevents from the
tripping of the second strict threshold (frequency stays above
0.98 [pu)); and cluster #2 is related to lower values of pY.
The nonlinear behaviour of the trajectories of the generated
powers after the event are related to DER maximum power
saturation.

G. Comparison with Other Methods

Table II summarises advantages and drawbacks of the vari-
ous approaches discussed the literature review (see Section I-
B) as well as the approach proposed in this work. Approaches
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Fig. 8. Results of the 250 realizations for the switching diffusion api: (a)
active power of the hydroelectric black start unit; and (b) frequency of the
Col.

TABLE I
COMPARISON BETWEEN DIFFERENT SOLUTIONS

#  Solution Ref. Pros Cons

Problems in normal
operation: faults
and islanding

Enlarge 1261 Guaranteed to prevent

frequency threshold from triggering

Zero-sequence voltage-

2 based frequency 271 (._‘vuaran.teed Fo prevent  Need to insFall
. from triggering new protection
protection
3 ANM 28] Remote cont‘rol on Need to ?aui!d a remote
DER protection communication system
4 DER with smaller This Improve the Potentially unstable in
droop constant Rp work  frequency behaviour normal operations
DER with This Improve the Fast and easy

RoCoF control work  frequency behaviour implementation

1 to 3 suggest to prevent from the system collapse eventually
by enlarging the thresholds to avoid their trigger during the
restoration process. This occurrence lies with the simulation
of SO. Approach 4, on the other hand, is implicitly taken into
account in S3. In fact, the DER frequency response observed
in the results of S3 shown in Fig. 7.b can be also achieved by
applying a smaller value of Rp to the droop control. However,
reducing the value of the droop is not recommended since
small droop values can lead to instability in normal operation.
Approach 5 is proposed in this paper and prevents the system
from collapsing with no repercussion on the normal operation.

It is relevant to further discuss approach 4 and show why
it can lead to instability during normal operation. With this
purpose, the well-known WSCC 9-bus system shown in Figure
10 is considered. Base-case data of this benchamrk system are
given in [42]. A DER unit is included at Bus 5, using the
parameters listed in the Appendix and with a power capacity
of 1 [pu]. A small disturbance is applied to Bus S att =1 s.
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Fig. 9. Results of the Monte Carlo analysis obtained by varying the value

of p%: (a) without DER frequency regulation; (b) with DER droop control;
(c) with DER droop and RoCoF controls.

Fig. 10. WSCC 9-bus system.

Figure 11 shows the results of the time domain simulation
for different value of Rp. Figure 1l.a shows the power
generation of the synchronous generators and of the DER,
where as Fig. 11.b shows the frequency of the Center of
Inertia (Col) of the system. For Rp = 1000, as expected, the
contribution of the DER unit is null. For Rp = 0.02, which
is a typical value for the droop constant of the DER units,
first the DER contribution supports the regulation provided
by the synchronous units and then is zeroed by the AGC
control. Instead, for lower values of Rp, e.g. for Rp =
0.005, the system becomes unstable and the electromechanical
oscillations diverge.
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Fig. 11. Results of the simulation for a small disturbance on the WSCC

9-bus system during normal operation: (a) sum of the turbine power provided
by synchronous units; (b) active power provided by DER unit; (c) frequency
of the Col.

IV. CONCLUSIONS

This paper discusses the restoration process from the system
dynamic stability point of view considering a high penetration
of DERs connected at the distribution network level. The
effect of both frequency protection tripping and frequency
regulation of aggregated DER models is studied. The impact of
load noise, of the volatility of frequency protection thresholds
and of the amount of DER capacity is also duly taken into
account through detailed stochastic models and Monte Carlo
simulations.

The results discussed in the case study indicate that the
contribution of a conventional droop control is not sufficient
to prevent the system from collapsing following the untimely
trip of DER protections. With this aim, we propose a solution
based on the implementation of RoCoF-based fast frequency
regulation of the DERs. This control is effective as it forces
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the DERs to generate more power in the first instants after the
occurrence of the power unbalance. The RoCoF control also
appears not to have a negative effect on frequency relays and
does not compromise the system stability during the normal
operation. The first instants after the load restoration step
are critical. In the first instants, in fact, the droop control
gives a small contribution, but the combination of the two
controls significantly reduces the initial frequency deviations
and, ultimately, prevents the frequency nadir to go below the

thresholds of the DER frequency protections.

The implementation of the proposed type of regulation
requires that the DER units must have an adequate capacity
reserve and their current limits should not be binding in the
initial part of the transient following the power unbalance.
Moreover, appropriate standardization for the dynamic re-
sponse and control of the DERs to fit the restoration process
appears necessary. Future work will consider these aspects and
elaborate on the impact of ESS (Energy Storage System) to
achieve the required inertial response of the DERs.

APPENDIX
GRID DATA

This appendix provides the parameters and the grid data of
the restoration backbone depicted in Fig. 6. The power base

is 100 MW.
TABLE III
PARAMETERS OF THE PILOT POWER PLANT SYNCHRONOUS GENERATOR.

par. [unit] description G

V [kV] terminal voltage 15

s [pu(MVA)] power rate 0.75

fn [Hz] frequency rate 50

M [s] mechanical starting time 10

TC;O [s] d-axis transient time constant 9.5

T(;O [s] d-axis transient time constant 0

ra [pu(Q)] armature resistance 0.0021

zq [pu(92)] d-axis synchronous reactance 1.11

ac; [pu(©)] d-axis transient reactance 0.41

) [pu(?)] leakage reactance 0.172

zq [pu(£2)] g-axis synchronous reactance 0.8

:1::1 [pu()] g-axis transient reactance 0.8

TABLE IV
LINE AND TRANSFORMER PARAMETERS.
par. [unit] description trasf. line line line
1-2 2-3 3-4 4-5

Va [kV] primary voltage 15 230 230 230
Va2 [kV] secondary voltage 230 - - -
I [km)] line length - 15 30 20
b[uS/km] | shunt susceptance 0 2.7 2.7 2.7
r [pu(Q)] series resistance | 0.0027 | 0.166 | 0.333 | 0.222
z [pu(Q)] series reactance 0.097 3.17 6.35 423

TABLE V

PARAMETERS OF THE PILOT POWER PLANT AVR.
par. [unit] description G
Ae [—] Ist ceiling coefficient 0.0039
Be [—] 2st ceiling coefficient 0.9
Kal-] amplifier gain 20
Ky [—] stabilizer gain 0.063
Ta s amplifier time constant 0.2
Te [s] field circuit time constant | 0.314
Tk [s] stabilizer time constant 0.35
v?X [pu(kV)] max regulator voltage 5
oM [pu(kV)] min regulator voltage -5

TABLE VI
PARAMETERS OF THE PILOT POWER PLANT FREQUENCY CONTROL.
par. [unit] description G
K [—] gate servo gain 5
R [pu(MW)] permanent droop 0.04
R [-] transient droop 0.25
T [s] gate power servo time constant 0.2
Tp [s] pilot servo time constant 0.04
T; [s] reset time 9.2
db [pu(Hz)] pilot servo dead band 0.0002
ga* [pu(MW /s)] | max rate of change of gate pos. 0.07
g™in [pu(MW /s)] | min rate of change of gate pos. -0.15
P [pu(MW)] max gate opening 1
P [pu(MW)] min gate opening 0
w'ef [pu(Hz)) reference rotor speed 1
dbric [pu(Hz)] LIC step dead band 0.006
ko [—] gain of the LIC integrator 0.7
TABLE VII
DETERMINISTIC AND STOCHASTIC PARAMETERS OF THE LOADS.
par [unit]. description L1 L2 L3
p [pu(MW)] active power 0.2 0.2 0.089
q [pu(Mvar)] reactive power 0.03 | 0.03 | 0.0089
V [kV] terminal voltage 230 | 230 230
Tp,q [0, 1] correlation of p and ¢ 0 0 -
op [%(MW)] | standard deviation on p | 0.5 0.5 -
oq [%(MW)] | standard deviation on ¢ | 0.5 0.5 -
vp [pu/s] speed of mean-rev. of p | 0.1 0.1 -
vq [pu/s] speed of mean-rev. of ¢ | 0.1 0.1 -
TABLE VIII
PARAMETERS OF THE DERS.
par. [unit] description DER1 | DER2
Sn [MVA] power capacity 20 10
V [kV] terminal voltage 230 230
Rp [pu(MW)] droop constant 9) 0.02
Tk [s] t.c. of the droop control 5 5
Tw [s] t.c. of the washout filter 0 1
ig‘a"/igﬁn [pu(kA)] | max/min d-axis current 1/-1 1/-1
ig @ fighi™ [pu(kA)] | max/min g-axis current 1/-1 1/-1
Ty [s] t.c. of the d-axis control 1 1
Tq [s] t.c. of the g-axis control 1 1
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TABLE IX
PARAMETERS OF THE SWITCHING DIFFUSION D1 .

var. SO Sla S1b-S2-S3 S4 S5

V] 0 1 2 2 2
il |- - - 7| -
eo [pu(Hz)] | 0.05 | 0.006 |  0.006 0.006 | 0.006
ko [0,1] 1 0.5 0.25 0.25 0.25
e [puz)] | - | 005 0.02 0.02 | 0.02
k1 [0,1] | o5 0.25 025 | 025
e2 [pu(Hz)] - - 0.05 0.05 0.05
ks [0, 1] - - 0.5 0.5 05
Agg [pu(Hz)] - - - 0.0012 -
Aegq [pu(Hz)] - - - 0.004 -
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