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Abstract: This paper aims to present the gained experience in modeling and simulating bottom-up
power system restoration processes. In a system with low inertia, such as a restoration path, the
Common Information Models for the regulation systems appear to no longer be suitable for the
estimation of the frequency behavior, and thus a detailed model must be considered. On the other
hand, due to the predominantly inductive behavior of the HV transmission network, the assumption
of decoupling the power-frequency behavior to study the restoration stability seems to be licit. All
these issues are discussed and justified in the paper by means of the use of different software packages
and of the comparison with on-field recordings.

Keywords: power system restoration; primary frequency control; frequency nadir estimation; low
inertia systems

1. Introduction
1.1. Motivations

In recent years, the studies on power system restoration are growing in importance since
the massive replacement of the conventional generation set by converter-based resources is
leading the bulk power system to be more sensitive to any transient contingency [1].

Therefore, the frequency deviations are becoming more and more prominent, and the
eventuality of a system blackout is no longer a remote scenario. Besides the preventive
and curative countermeasures, it is necessary to conceive strategies and restoration plans
adapted to the new system paradigm: this ought to guarantee an electricity service recovery
as quickly and safely as possible in case of wide outage. The modelling and simulation of
the restoration plans, in addition to advanced transmission line modellings [2], make it
possible to check, validate, and quickly modify the plan of the restoration processes.. From
the authors’ gained practice on modelling and simulation of bottom-up power system
restoration processes, two questions arise:

• Is it licit to totally decouple the voltage and the frequency behavior for the dynamic
simulation of a restoration process? How much does this assumption impact on the
estimation of the frequency behaviour?

• Is it licit, as a first approximation, to simulate the restoration process by adopting the
Common Information Models (CIMs) in the regulation sets? How much does this
choice impact on the estimation of the frequency behaviour?

In order to answer these questions, this paper evaluates the impacts of these assump-
tions, by comparing the results of the implemented models with the recordings of a real
restoration process.

1.2. Literature Review

Research on power system restoration have traditionally focused on system oper-
ation issues [3], for which the main objective is the optimal allocation of resources to
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restore and to maximize the portion of recovered load and minimize the outage time [4,5].
This is generally formulated as a constrained optimization problem [6]. The dynamic sta-
bility analysis of the restoration process has been widely investigated in the most recent
decades of the last century [7–10] and has also been studied through mock drills [11–13].

In the last years, the research on power system restoration dynamic stability is growing
in relevance [14–19] since the frequency deviations are becoming more and more prominent,
and so a correct estimation of transient behaviour is crucial.

In particular, in [14], a simple yet effective model for the simulation of restoration
processes has been implemented by the authors. In that model, the decoupling between the
voltage and frequency behaviours is the starting assumption. This assumption allows the
authors to very significantly simplify the model by considering the restoration dynamic only
based on the swing equation. In the present paper, a final validation of the model proposed
in [14] is provided by comparing the decoupled model and the complete electromechanical
model of a restoration path. Although this approximation is well-known in literature [20],
this paper aims to quantitatively evaluate the impacts of this assumption by exploiting the
recordings of a real restoration test.

With regard to the CIM modelling, the reference is the standard IEC 61970-302 [21],
which is related to power systems dynamics: it currently has the primary use of facilitating
the exchange of power system network data between organizations. In line with the ever-
increasing standardization of power system devices, the authors think it is worth testing
the dynamic performance of these models.

CIM models have already proven to be suitable for the estimation of the transient
behaviour in highly interconnected power systems [22,23], but they do not provide any
guarantee on their performance in low inertia systems, of which the restoration backbone
is an example.

1.3. Contribution

The main contribution of this paper is summarized in Figure 1. The goal of this study
is to quantitively evaluate the influence of different modelling approaches to represent the
key elements involved in the restoration process by comparing the results of the simulations
with the recordings of a real restoration process.
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Figure 1. Visual scheme of the studies performed in this paper.

In Figure 1, the Complete Model (CM) must be intended as the detailed model of
the real restoration path, including the actual configuration of the Primary Frequency
Control (PFC), the Local Integrator Control (LIC), and the Prime Mover Unit (PMU)
installed on the pilot generators. On the other hand, the Decoupled Model (DM) repre-
sents the same model but with the assumption of power-frequency decoupling. The red
arrows indicates that an assumption is made on the CM. More specifically, the influence
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of decoupling the frequency behaviour is studied as a first step. Then, the detailed
models of PFC and the PMU are replaced one by one by their equivalent CIMs, leaving
all the other elements of the CM unaltered. With regards to the LIC model, since there
is no CIM equivalent model to represent it, its influence is studied by simulating the
restoration with and without that element.

All the results are compared in terms of frequency deviations. The reason why the
paper mainly focuses on frequency behavior is that this is the most critical dynamic in a
bottom-up restoration process. In particular, it is important to be able to correctly estimate
the frequency nadir, i.e., the minimum value the frequency reaches during the transient
period. This index is important in a restoration framework since large frequency unbalances
are expected after each load supply.

1.4. Organization

This paper is organized as follows. Section 2 describes the complete model of the
restoration, the assumptions made for the decoupled model, and the simplified CIM models
adopted for the purpose of comparison. Section 3 presents the results of the comparison
between the measurement recording, the complete model, the decoupled model, and the
adoption of the CIM models for the frequency regulation sets.

2. Power System Restoration Model

In this section, all the modelling features that influence the frequency behaviour during
a restoration process are described. First, the focus is on the power system mathematical
model and on assumptions needed to assume the decoupling between the frequency
and the voltage behaviour. Thus, the models of the key elements that mostly affect the
power-frequency behaviour are described: the PFC, the LIC, and PMU. In particular, PFC,
LIC, and PMU are modelled by considering their actual set up, i.e., the real configuration
of the regulators used during the real restoration is represented, without introducing
simplifying hypotheses. Hence, the detailed models of PFC and PMU are compared with
their equivalent CIM.

2.1. Power System Decoupling

With the aim of analyzing the rotor angle and the voltage stability of power systems,
they are typically modelled by a set of non-linear Differential Algebraic Equations (DAEs),
as follows: .

x = f (x, y)
0 = g(x, y),

(1)

where f and g are the differential and the algebraic equations, x, x ∈ Rn and y, y ∈ Rm are
the state and algebraic variables, respectively. This model is widely adopted to represent
the electromechanical behaviour of the system for transient stability analysis, i.e., for the
time scale from 0.01 s to 10 s [20]. Now, let us consider a single source–a two-bus system
with a lossless line and a load on bus 2, as depicted in Figure 2.

Assumed as a reference the phasor v2∠ϑ2, such a system could represent the bulk
power system of a bottom-up restoration. The lossless line is an acceptable assumption
considering the low r/x ratio of the transmission lines. The set of equations in (1), if
represented with the power-injection model [20], has two state equations:

.
δ = ωn∆ω
.

ω = (pm − pe − D∆ω)/Ta
(2)

and two algebraic equations, related to the power-injections at bus (if one neglects the
generator internal algebraic equations), as follows:

p1 = v1v2
xL

sin(ϑ1 − ϑ2)

q1 =
v2

1
xL
− v1v2

xL
cos(ϑ1 − ϑ2)

(3)
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where δ is the rotor angle, ωn is the nominal angular speed in rad/s, ∆ωn is the angular
speed deviation from the reference ∆ωref, pm, and pe are the mechanical and the electric
power, respectively, D is the damping of the generator, Ta is the starting time of the
generator (Ta = 2H where H is the well-known inertia constant), p1 and q1 are the active
and reactive power injected at bus 1, v1∠ϑ1 and v2∠ϑ2 are the voltage phasors at bus 1 and
2, respectively, and xL is the line reactance.
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The differentiation of p1 and q1 in (3) leads to:

dp1 = v2
xL

sin(ϑ1 − ϑ2)dv1 +
v1v2
xL

cos(ϑ1 − ϑ2)dϑ1

dq1 = 2v1−v2 cos(ϑ1−ϑ2)
xL

dv1 +
v1v2
xL

sin(ϑ1 − ϑ2)dϑ1.
(4)

Assuming as a first approximation that the angle deviation ∆ϑ = ϑ1− ϑ2 is small, then
sin ∆ϑ ≈ ∆ϑ and cos ∆ϑ ≈ 1. Equation (4) yields:

dp1 ≈ v1v2
xL

dϑ1

dq1 ≈ 2v1−v2
xL

dv1
(5)

where the well-known concept that the angle deviation participates the most to the active
power balance and the voltage deviations most affect the reactive power balance becomes
clear. Therefore, since the commonly accepted definition of the frequency is the derivative
of the voltage angle

.
ϑ, the frequency of the system can be well-estimated by considering

only the active power unbalances. In practice, this means that the model of the system is
reduced to the second equation of (2), i.e., the swing equation of the system. The frequency,
in the case of a single machine, is equivalent to the rotor angular velocity ω, and in the case
of multiple machines, to the frequency of the Center of Inertia (COI) ωCOI, as:

ωCOI =
∑N

i=1 TaiSiωi

∑N
i=1 TaiSi

(6)

where Tai, Si, ωi are the starting time, the apparent power and the angular velocity of the i-th
machine, respectively, and N is the number of machines involved in the restoration process.

Thus, the swing equation becomes:

∑N
i=1 Tai

.
ωCOI = ∑N

i=1 pmi − pe −∑N
i=1 Di∆ωCOI (7)

where pmi and Di are the mechanical power and the damping coefficient of the i-th machine
and pe is the active power absorbed by the load, as the transmission lines are transparent for
the active power flow. In the remainder of this paper, the notation CM indicates the imple-
mentation of the whole set of equations in (1), and DM indicates the implementation of (7).

Note that pmi in (7) is:

pmi = (pPFCi + pLICi) · pPMUi (8)

where pPFC is the contribution of the PFC, pLIC is the contribution of the LIC, and pPMU
involves the dynamic of the PMU. In the reminder of this section further details on the
modelling of this contributions are given.
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2.2. Primary Frequency Control

The detailed model of the primary frequency control is depicted in Figure 3.
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The model in Figure 3 represents the real regulation scheme implemented in the power
plant object of the restoration path analysed in this paper.

Blue lines in Figure 3 refer to the control logic involved in the black-start phase during
the dynamic transition from ω = 0 to ω = ωn. The starting phases of the generator start-up
are the following:

• ωref is initialized to 0 and is then driven by a piece-wise ramp signal to reach the
no-load speed value;

• when the generator reaches the no-load speed value, the actual value of pPFC is
memorized in the gNL block and it is added to the total regulator output. At the same
time, the integrator of the PFC is reset. This operation is required to memorize the
value of the no-load gate opening of the turbine to avoid an unexpected response by
the PFC during the normal operation;

• The generator parallel breaker is closed and the reference value ωref is set to its
nominal value.

The equivalent transfer function of the PFC around the nominal speed is:

GPFC(s) =
1
bp

(
1 + s Tx

bt

)(
1 + sTp

)(
1 + s Tx

bp

)
(1 + sT3)

. (9)

The equivalent model of this regulator in the CIM library is the GovHydroIEEE2 (from
now on called HG2) model [21] depicted in Figure 4. Note that all equivalent models found
in literature do not involve the generator start up logics and instead only describe the
model around its nominal speed.
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The conversion between the parameter set of the PFC and of the HG2 is as follows:{
Td = Tx/bp
kT = bt − bp

(10)

2.3. Local Integration Control

The LIC is generally enabled for emergency condition frequency deviations and is
always installed on the black start units. It ensures the perfect tracking of the frequency
also for isolated generators without Automatic Generation Control (AGC) [24]. Compared
to the AGC, however, the LIC is characterized by a higher gain to speed up the frequency
restoration. The control scheme of the LIC is depicted in Figure 5.
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The logic function that controls the LIC action is highlighted by blue in Figure 5. The
SF1 constant is the frequency threshold which determines the activation of the LIC control,
whereas SF2 determines the condition for the disconnection of the LIC, i.e., when the system
frequency stays beyond the SF2 threshold for at least TSF2 seconds. The disconnection
action also resets the LIC integrator. The saturation block limits the frequency deviation
to a maximum value gSAT to avoid overshot behaviour in the LIC response in case of grid
frequency peaks. As already mentioned, since there is no CIM representation for the LIC,
no comparison is possible and so the LIC influence is studied in Section 3 by simulating the
restoration with and without this element.

2.4. Prime Mover Model

The prime mover unit of the hydroelectric power plant considered in this study
consists of a Francis turbine supplied by a forebay through a penstock pipe.

The adopted model involves the turbine model as well as the model of the hydro
penstock. For the purpose of this study, the most detailed model of the penstock is adopted,
i.e., the model that considers the elasticity of the penstock. Starting from the prime mover
model of [25] (p. 416), the function F(s) is derived as follows:

F(s) =
dH
dU

= −
(
φp + Zptanh(Teps)

)
(11)

where dH is the deviation in the head of the water column, dU is the deviation on the water
flow, φp is the penstock friction, Zp is the equivalent penstock impedance, and Tep is the
penstock elastic time. Now, by replacing the hyperbolic tangent with its exponential series,
it yields:

dH = dU · Zp(e−2Teps − 1− φp)− dH · e−2Teps (12)

This relation is implemented in the global prime mover model by exploiting the block
algebra, as shown in Figure 6.
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With regards to the CIM equivalent representation of the PMU, there are many different
equivalent representations in literature depending on the turbine type. Nevertheless, for
the purpose of this study, the authors adopt the commonly accepted model of the prime
mover for transient stability studies, which links the mechanical power to the gate opening
through a transfer function with one zero and one pole, as follows [25]:

pm = (pPFC + pLIC)
1− Tws

1 + 0.5Tws
(13)

where Tw is the water starting time. The relationship between Tw and the quantities that
describe the detailed model are represented by (14):

Tw = ZpTep (14)

3. Case Study

The results presented in this section are based on a real bottom-up power system
restoration test performed in the Italian Transmission Grid in 2019. The recordings of
the restoration test are compared to the simulation results of the models presented in the
previous section. Moreover, an extensive comparison between the detailed models and the
standard models is carried out, even by changing the parameter settings.

The restoration path is made up by:

• The pilot power plant, which is a hydroelectric power plant, where three parallel
synchronous generators are installed;

• The target power plant, which is a thermoelectric power plant;
• Portions of the HV transmission grid;
• Portions of the distribution grid;

The restoration process starts with the black-start of the three hydro generators, then
a portion of the HV transmission grid is supplied and at the same time some loads are
restored by supplying the portions of the distribution grid. The final step is the parallel
between the restoration path and the target power plant.

This work focuses on the study of the frequency behaviour during the start-up
of the pilot generators and during the first two load restoration steps. A simplified
scheme of the simulated restoration path is shown in Figure 7. In Figure 7, the black
lines represent the medium voltage level (15 kV and 20 kV), the green lines represent the
transmission voltage level (220 kV), and the blue lines represent the subtransmission
voltage level (132 kV).

In Figure 7, G1, G2, G3 are the three hydro generators; L1 and L2 are the equivalent
load representing a portion of a distribution grid; SG1, SG2, SG3, SL1, SL2 are the brakers
that are closed during the restoration process to build the restoration path. With the aim
of evaluating the performance of the model in terms of frequency deviations, the PQ
power exchange of L1 and L2 is imposed externally by a measurement file taken from the
measurement recordings.
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The time domain simulations of the complete model are performed by the software
package DIgSILENT PowerFactory; the simulations related to the decoupled model are
instead performed in the Matlab-Simulink environment.

3.1. Measurements vs. Complete Model

Figure 8 shows the global results of the comparison between the real recording of the
restoration test (Meas.) and the simulation results performed with the complete model. All
the five switching closures of Figure 7 are simulated. The (a) graph of Figure 8 shows that the
actual grid frequency is well-reproduced by CM, especially for the load step events SL1 and
SL2, which are the most critical operations for the restoration process. The (c) graph of Figure 8
shows the gate opening signal of G1. Even in this case, one can appreciate how the model
correctly estimates the real behaviour. The (b) graph of Figure 8 is reported just for figuring the
total active power absorbed by the restoration path. The simulated power is equivalent to the
measured one, as expected, since the active flow is an input of the model, as discussed above.
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Figure 8. Comparison between simulation results and measurement recordings of the restoration test
for (a) the grid frequency, (b) the generated active power and (c) the gate opening of G1.
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3.2. Influence of the Power Frequency Decupling

In this section, the influence of the frequency–voltage decoupling assumption is
discussed by comparing the simulation results of the decoupled model (DM) described
in Section 2.1 with the results of the complete model (CM) and with the recording
(Meas.). The focus, from now on, is on the results of the two load step events SL1 and
SL2, since they originate a transient response on which the models of interest have a
higher influence. Figure 9 shows the transient behaviour of (a) the grid frequency, (b) the
gate opening of the supply system of GRA, and (c) the output signal of the LIC of G1.
The results show that the DM gives a perfect estimation of the frequency behaviour
except for the frequency overshoot, for which the maximum error respect to the real
behaviour is 0.04 Hz, see Figure 9c. This important result allows us to consider DM as
a licit approximation of the CM to study the frequency behaviour during a restoration
process. Nevertheless, in the remainder of this section, the simulations are performed by
adopting the CM approach. This choice is made in order to separate the error (even if
very small) introduced by adopting the DM from the influence of the single components
modelling approach. In this way, it is possible to better allocate the cause of potential
displacements in the simulation results.

Energies 2022, 15, x FOR PEER REVIEW 10 of 15 
 

 

3.2. Influence of the Power Frequency Decupling 
In this section, the influence of the frequency–voltage decoupling assumption is dis-

cussed by comparing the simulation results of the decoupled model (DM) described in 
Section 2.1 with the results of the complete model (CM) and with the recording (Meas.). 
The focus, from now on, is on the results of the two load step events SL1 and SL2, since they 
originate a transient response on which the models of interest have a higher influence. 
Figure 9 shows the transient behaviour of (a) the grid frequency, (b) the gate opening of 
the supply system of GRA, and (c) the output signal of the LIC of G1. The results show 
that the DM gives a perfect estimation of the frequency behaviour except for the frequency 
overshoot, for which the maximum error respect to the real behaviour is 0.04 Hz, see Fig-
ure 9c. This important result allows us to consider DM as a licit approximation of the CM 
to study the frequency behaviour during a restoration process. Nevertheless, in the re-
mainder of this section, the simulations are performed by adopting the CM approach. This 
choice is made in order to separate the error (even if very small) introduced by adopting 
the DM from the influence of the single components modelling approach. In this way, it 
is possible to better allocate the cause of potential displacements in the simulation results. 

 
Figure 9. Comparison between simulation results and measurement recordings of the SL1 and SL2 
events for (a) the grid frequency, (b) the gate opening of G1, and (c) the output signal of the LIC of 
G1 for different mathematical models. 

3.3. Primary Frequency Regulation Influence 
In this section, the influence of different modelling of the PFC described in Section 

2.2 is discussed. In particular, the complete model (CM) is compared with the HG2 model 
with the parameters derived from (10) (HG2), and the HG2 model with the standard pa-
rameters given in [21] (HG2 std.). The parameters of the PFC set in the three models are 
given in Table 1. The result of the comparison is depicted in Figure 10 for (a) the grid 
frequency and for (b) the gate opening of the supply system of G1. 

Table 1. Parameters related to different models of the PFC. 

(a) 

(b) 

(c) 
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events for (a) the grid frequency, (b) the gate opening of G1, and (c) the output signal of the LIC of G1
for different mathematical models.

3.3. Primary Frequency Regulation Influence

In this section, the influence of different modelling of the PFC described in Section 2.2
is discussed. In particular, the complete model (CM) is compared with the HG2 model with
the parameters derived from (10) (HG2), and the HG2 model with the standard parameters
given in [21] (HG2 std.). The parameters of the PFC set in the three models are given in
Table 1. The result of the comparison is depicted in Figure 10 for (a) the grid frequency and
for (b) the gate opening of the supply system of G1.
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Table 1. Parameters related to different models of the PFC.

Model bp [-] bt [-] T3 [s] Tp [s] vo [pu/s] vc [pu/s] Tx [s] Td [s] ka [-] kt [-]

CM 0.04 0.4 0 0 0.07 0.15 2.3 - - -
HG2 0.04 0.4 - - 0.07 0.15 2.3 5.75 100 0.36

HG2 std 0.05 0.55 - - 0.1 0.1 6 12 2 0.5

The results show that the HG2 model returns a good estimation of the frequency
behaviour, with a relative error on the frequency undershoot of 6.2% instead of the 25%
given by the HG2 std. model. The quantitative behaviour of HG2 std. is also delayed with
respect to the real behaviour for 4 s.
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3.4. Prime Mover Unit Influence

In this section, the influence of the different modelling of the PMU described in
Section 2.3 is discussed. In particular, the complete model (CM) is compared with the
complete model without the prime mover model (No PMU), the complete model with the
standard PMU model and with the parameters derived from (13) (PMU), and the complete
model with the standard PMU model and the standard parameters given in [21] (PMU
std.). The parameters of the PMU set in the three models are given in Table 2. The results
of the comparison are depicted in Figure 11 for (a) the grid frequency and for (b) the gate
opening of the supply system of G1.

Table 2. Parameters related to different models of the PMU.

Model At [-] Zp [-] φp [-] Tep [s] D [pu] Pr [pu] Tw [s]

CM 1.12 1.52 0.001 0.23 0.08 0.77 -
PMU - 0.4 - 0.23 - - 0.35

PMU std - - - - - - 2
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The results show how the model of the prime mover does not significantly affect
the frequency behaviour, since the relative error of the frequency undershoot between
Meas and No PMU is 6%. Moreover, the influence of using the standard prime mover
model with the real parameters is extremely low; indeed, the curves of No PMU and
PMU are overlapped. On the contrary, the standard prime mover model with the
standard parameter leads to the rise of permanent wide oscillations in the frequency
and in the gate opening behaviour, resulting in a completely wrong estimation of the
real behaviour.
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3.5. Local Integrator Control Influence

In this section, the influence of the presence of the LIC on the overall behaviour of a
restoration process is discussed. In this case, the comparison with the equivalent standard
model is not performed since there is no equivalent CIM model for the LIC.

In particular, the complete model (CM), which includes the LIC model, is compared
with the complete model without the LIC (No LIC). The parameters of the LIC are given in
Table 3. The results of the comparison are depicted in Figure 11 for (a) the grid frequency
and for (b) the gate opening of the supply system of G1.

Table 3. Parameters of the LIC model.

Model Tisland [s] SF1 [Hz] SF2 [Hz] db [Hz] gSAT [Hz] gLIM [pu] TSF2 [s]

LIC 120 0.3 0.03 0.075 0.3 1 300

It is worth remembering that a standard AGC normally works in a higher time scale
with respect to the PFC. On the contrary, the LIC action is faster, as it is possible to
appreciate from Figure 12, since the presence of the LIC completely alters the PFC response
and significantly contributes to the frequency restoration and to the nadir containment.
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4. Conclusions

In this paper, a detailed model simulating a power system restoration process is
presented and tested on a real restoration test. The proposed model correctly estimates
the frequency behaviour during the load restoration and is proven to be effective, even for
out-of-nominal conditions. (e.g., during the start-up of the generator).

Moreover, the results highlight how the assumption of the voltage-frequency decou-
pling does not significantly affect the frequency behaviour. This confirms the effectiveness
of the simplified model presented in [13] as a powerful tool for the estimation of the fre-
quency deviations during a restoration process. It could give the TSO useful decision
support to determine the feasibility of a given restoration path.

The results of the comparison between the detailed model of the PFC and the PMU
with their equivalent CIM models highlight, in some cases, a displacement on the estima-
tion of the frequency Nadir. This happens when the CIM models are adopted by applying
the IEC proposed parameters. Although the CIM models with standard parameters
are more than suitable to estimate the transient behavior for a highly interconnected
bulk power system, the paper demonstrates that, in the case of an islanded transmission
system, the CIM models only work correctly if real parameters are adopted. In fact, for
the analyzed case study, it was possible to combine the real parameters with the CIM
structure. However, in general, it is very difficult to use real parameters by maintaining
the IEC proposed CIM structure.

Hence, the knowledge of the actual regulation sets is of great relevance to correctly
estimate the transient behaviors. In fact, a simplified representation of these components
could lead to a wrong estimation of the frequency behaviour., e.g., when considering the
standard parameters of the regulations sets.
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Eventually, the results show how the influence of the LIC during a restoration process
is prominent and how its action is overlapped with the action of the PFC, differently from
what one might expect from an ACG in normal operation.
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Acronyms

AGC Automatic Generation Control
CIM Common Information Model
CM Complete Model
COI Center Of Inertia
DAE Differential Algebraic Equation
DM Decoupled Model
HG2 GovHydroIEEE2
HV High Voltage
LIC Local Integrator Control
PFC Primary Frequency Control
PMU Prime Mover Unit
TSO Transmission System Operator
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