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ABSTRACT In power systems, the steady-state operations following any disturbance can be assessed
by means of time-domain simulations, which consider the dynamic of the system without simplifying
hypotheses. This paper proposes a formulation of the power flow problem with distributed slack bus model
able to determine the steady-state impact on frequency and generation set-points of primary and secondary
frequency regulation. This is done by deriving the real power balance expressions (including power losses,
primary/secondary regulation, and the real frequency deviation) before and after the occurrence of any
event or disturbance. This is achieved without resorting to the solution of a time-domain simulation. The
performance of the proposed formulation is discussed through the standard WSCC 9-bus system and a 102-
bus model of the Sicilian grid. Solutions are compared with those obtained with conventional time-domain
simulations.

INDEX TERMS Dynamic power flow, distributed slack bus, primary frequency regulation, secondary
frequency regulation.

A. SETS AND INDICES pL  Active power of the generator g [MW].
-« Steady-state initial regime. f Network frequency [MW].

R Steady-state value after PFR. k"g Secondary control reserve [MW].
» Steady-state value after PFR + SFR K> Sum of all secondary control reserve [MW].

I Set of generators providing PFR. AL SER Signal level [MW].

I Set of generators providing PFR & SFR. 7 Frequency droop constant [adimen.].
slk  Slack-bus
C. ACRONYMS

B. SYMBOLS PF Power Flow.

Apg,  Power increment of the generator g [MW]. DSB Distributed Slack Bus.

kg Generator PFC [MW/Hz]. PFR Primary Frequency Regulation.

ky  Load PFC [MW/Hz]. PFC Power Frequency Characteristic.

K’ Sum of all generator and load PFC [MW/Hz]. SFR Secondary Frequency Regulation.

Af  Steady-state frequency deviation [Hz]. PFPD-D Dynamic Power Flow of University of

Ap Disturbance [MW]. Padova.

Pg Active power of the generator g [MW]. AGC Automatic Generation Control.

Ploss  Network Losses [MW]. TDS Time Domain Simulation.

QSS Quasi Steady-State.
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I. INTRODUCTION

A. MOTIVATIONS

In the classical power flow formulation, any power unbalance
between generators and loads (including power losses) is
allocated to a single generator, which serves as slack bus.
However, this mathematical artifice is not consistent with the
actual behavior of the system and could bring to misleading
results in the study of steady-state planning and operation
analyses. In real power systems, in fact, all synchronous
machines vary their power production, following a power
unbalance, by means of their primary and secondary fre-
quency controllers.

In technical literature, this fact encouraged the devel-
opment of Distributed Slack Bus (DSB) model, which
distributes the power unbalances to different generators par-
ticipating to a centralized regulation process. The main
limitation of these approaches is that the exact coefficients
related to the contribution of each generator Ap, cannot be
determined a priori, since they are weighted by the Power
Frequency Characteristic (PFC), k{:,, and by the secondary
control reserve, k;,/ , S0 by the steady-state frequency deviation
Af and the SFR Signal level AL reached after the actions of
PFR and SFR, by the well-known relations (1):

AP, = kL Af;
Ap} = k] AL; (1

However, Af and AL depend on the PFR and SFR con-
tributions themselves. To overcome this limitation, Af and
AL are typically estimated by the two following well-known
relations given by [1]:

Ap Ap
Af = I AL = I 2)
where K’[MW/Hz] is the sum of all the PFC of the generators
participating to the PFR and of the load, K”[MW] is the sum
of all secondary control reserves, and Ap is the active power
perturbation.

However, the approximation (2) does not consider the
actual new steady-state regimes derived from the actions of
PFR and SFR. After these actions, indeed, a new allocation
of the active power between the generators, considering also
new power losses, should be considered, but it is neglected
by (2). The new system power losses, after a frequency distur-
bance, in fact, have non-negligible impact on the contribution
of each single generator output. Therefore, simple application
of (2) could bring to a misleading consideration of the new
active power set-point of the generators involved in the PFR,
especially in large networks.

To overcome the above-mentioned approximation, it is
proposed a simple and accurate framework (PFPD-D) com-
puting the power flow solution after the occurrence of a
disturbance. Such formulations could be meaningful for
design and planning, predicting the effect of the regulators
acting after a disturbance, without exploiting time domain
simulations or complex formulations. Such disturbances
(load/generator shedding, line tripping, etc.) are the ones
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occurring in real power systems and are increasingly frequent
with the vRES integration, characterized by intermittent gen-
eration [2].

B. LITERATURE REVIEW

In 1986, the first contribution introducing the concept of
dynamic power flow was presented in [3] being based on
the DSB model [4]. The dynamic power flow models [2],
[3], [5], [6], [7], [8], [9] consist in distributing any power
unbalances, after the occurrence of a disturbance, among all
the generators, by considering the frequency deviation inside
the model.

Therefore, it radically differs from the classical power flow
problem [10], [11], [12], where the power balance is restored
by the slack generator only, so bringing to unreliable solu-
tions especially for large power systems, as remarked in [13]
and [14].

Regarding the commercial software solutions proposed
for the dynamic power flow, some software considers dif-
ferent approaches to balance the power difference between
the supplied and dispatch power, i.e., according to primary
control [15]. However, these methods introduce some simpli-
fying hypotheses, e.g., exploiting the first expression of (2) to
compute the dispatch power of new steady-state regime after
disturbances.

To address the problem of distributing the incremental
powers after the occurrence of disturbance, some contribu-
tions propose different criteria. In [3] and [16], the generator
power mismatches implicitly contain the presence of the fre-
quency deviation. In [17], participation factors are obtained
by considering the costs of generating units, thus, imple-
menting an economic dispatch of the power unbalance.
References [18] and [19] propose to distribute the power
unbalance within each generator considering the contribution
of the Primary Frequency Regulation (PFR).

From a practical standpoint, the dynamic power flow prob-
lem is becoming important today, due to increasing presence
of VRES in power systems. In [2], [8], and [9] a stochastic
approach to dynamic power flow is proposed, considering the
PFR uncertainties in networks with high vRES penetration.
In [7], an iterative dynamic power flow model attempts to
update the power flow solutions based on PFR in presence of
high wind generation. However, these formulations consider
only the PFR, without exploiting the capability of generators
to also perform SFR.

Alternatively, instead of using dynamic power flow tech-
niques, long-term responses to power system disturbance
can be modelled by means of the Quasi Steady-State (QSS)
approaches [20], [21], [22], which simulate power system
time evolution by means of a sequence of equilibrium steady-
state points. However, such methods start from the complete
dynamic model to derive the QSS approximations, differently
from the dynamic power flows, as the one proposed in this
paper (see Sect. I-C). Indeed, dynamic power flow methods
must not be confused with the dynamized power flow meth-
ods lately developed to trace the power flow solutions by
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means of differential transformation, simulating the network
dynamic evolution [23], [24], [25]. These algorithms [23],
[24], [25], in fact, simplify the mathematical treatment of
time-domain analysis but do not give a practical tool to fore-
cast the real impact of the PFR and SFR on the steady-state
power flow problem.

C. CONTRIBUTIONS

This paper proposes an alternative theoretical framework
considering the action of dynamic processes, but inside a new
steady-state algorithm (PFPD-D).

PFPD-D is made of two simple outer-loop iterative meth-
ods (named as “Method A’ and ““Method B’*) computing the
steady-state regimes after the actions of PFR and SFR (i.e.,
the regulations happening after any network disturbance as
load/generator shedding, line tripping, etc.). These outer-loop
iteratively solves the classical power flow problem in which
the new system power losses, the new frequency deviations,
the new secondary regulation signal levels, and so the new
contribution Ap, to be assigned to each generator are updated
till exact convergence values.

These iterative procedures allow considering the precise
impact of PFR and SFR without recurring to model sim-
plifications as in (2), QSS simulations, and Time Domain
Simulations (TDSs). The steady-state results of PFPD-D,
however, are consistent with the final values obtained with
time domain integration of the fully-fledged dynamic model
of the system.

Indeed, it is important to highlight that this paper does
not give any information about the dynamic evolution of the
system after the disturbance. The iteration sequence is not
representative of different power flow solutions over the time
after the disturbance, instead it represents the iterative steps
necessary to reach the convergence criterion of the algorithm
(see Sect. II-A and II-B).

Section II-A describes the theoretical passages to find the
“Method A” algorithm of PFPD-D, whereas in Sect. II-B the
“Method B”’ algorithm of PFPD-D is explained. In sect. III-A
simulation results of PFPD-D in the standard WSCC 9-bus
system are applied, in sect. III-B, instead, results of PFPD-D
are proposed in a real power system data, i.e., the Sicilian
power system (102 buses).

Il. INCLUDING FREQUENCY REGULATION WITHIN PF
SOLVERS

In this section, the development of two iterative algorithms
that find the steady-state solutions after the action of PFR
(see Sect. II-A) and PFR+SFR (see Sect. I1I-B) following a
power disturbance is presented. The formulations are derived
by merging the classical power flow equations with the static
characteristics of PFR and SFR regulators.

A. PRIMARY FREQUENCY REGULATION (METHOD A)
The active power balance in steady state, with the inclusion
of the power losses, can be written as:

Zp; = ZPf +p}k0ss 3)
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where Xpy is the sum of the generated active power; X Py is
the sum of the power absorbed by the load and pj . are the
network losses (they depend on the power flow solution).

Let now assume that a disturbance, Ap, occurs: if f * is the
pre-disturbance frequency value, the steady-state frequency
after the action of PFR is:

f=r"+af @

In this condition, generator g injects the following active
power, by considering its PFC kg:

Py =Dy — kg Af )

and the overall network power balance after the occurrence
of the disturbance is:

D= D ket = (sz + kuAf) + Ploss — AP
(6)

where ki is the PFC of the load. By including (3) into (6),
it yields:

(32 pk +pioss) = D ke
==+ (Xph+ D kA )+ b (D
Defining K = >k, + > ky, (7) becomes:
Ploss = KAf = =Ap + Py ®)

The expression of Af can be derived by knowing the dis-

turbance Ap and the power losses before the disturbance and
after the action of the PFR:
AP + Pioss _ Ploss
M=—7p X &)
The first expression on the right side is a constant term and
the second expression depends on the power losses p;, - after
the primary frequency regulation: by naming A the constant
term, (9) can be written as:

Pl
K

Since the final steady-state regime after the action of PFR
is unknown, so it is pj, ., to compute Af an iterative scheme
must be set.

Fig. 1 shows the flow chart of the proposed algorithm
computing the new steady state regime, after the action of
the PFC distributed between the generators. The input data
are the steady-state conditions of the network before the
disturbance, Ap: the set of the power generated pz, the power
losses pj; ., and the K coefficient for PFC. Then, an initial
Af=A is set to compute the initial guess of the generator
active power. Thus, a new power flow is computed so giving a
new value for the losses pgz  Which can be exploited to update
Afby (9). As shown in Fig. 1, the procedure must be iterated
till convergence, i.e., the difference between two consecutive
frequency deviation settles at a constant value:

IAF™ —AFTD | < 10l

Af =A— (10)

74139



IEEE Access

R. Benato et al.: Dynamic Power Flow Modeling Primary and Secondary Frequency Regulations

Input data:
- Disturbance: 4p
- Power flow solution (*) before disturbance
- Total PFC: K=kg+k
- Initial guess (Frequency deviation)
Af1:= (dp+phs) /K (9)
I

Estimate the new generator active
powers:

p =g R A™ )

gel

Compute the Power Flow solution, so

()

the new power losses p,

|

Evaluate the new frequency deviation:

- (n)
AT = Ap ;pb:: _ p‘.’g; 9)

v

Check the termination
criterion
A7~ Af 00 [<to]

yes l

Output results:

Generator active powers after PFR: p’,
New network power losses p’,
Network frequency deviation Af"’

l

End

FIGURE 1. Flow chart of the proposed iterative scheme computing the
power flow solution for Method A.

It is worth noting that each power flow inside the iterative
cycle must consider the generator power injection computed
with the updated frequency, f= f* + Af.

The algorithm output gives the steady-state regime settling
after a disturbance and after the PFR action, i.e., the new Af,
Plpss Pg- Note that the results are found without considering
neither simplifying hypotheses nor dynamic simulations.

B. PRIMARY AND SECONDARY FREQUENCY REGULATION
(METHOD B)
A similar procedure to derive Af can be applied to compute
the steady-state condition after the PFR and the Secondary
Frequency Regulation (SFR). In this case, two groups of
generators should be identified: the ones performing the
PFR service only (I) and the ones also performing the SFR
service (II).

The balance (3) happening before the disturbance, Ap, can
be rewritten as:

DPe=D Dt D =D Pl (D)

gel gell
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The SFR perfectly tracks the frequency to restore the
pre-disturbance frequency value f*, so each generator
reacts to the frequency deviation -Af by restoring the
pre-contingency power output pg according to the static
power-frequency PFR curve of each generator.

The generators providing the PFR + SFR produce an incre-
mental power with respect to the pre-contingency condition,
so that their total contribution can be written as:

PWEDWADWAN (12)
I II 1II

where AL represents a level signal sent to all generators by
the central dispatch control and k;,’ are the weight coefficients
determining the power share to be provided with the SFR.

The level signal AL is a constant value for all the gen-
erators participating to the SFR. Note that AL is a value
which could be important from a power dispatch stand-
point: it forecasts the power share that each generator should
provide to restore the pre-contingency frequency. There-
fore, (12) gives the power share which can be computed with
time domain simulation implementing Automatic Generation
Controls (AGCs).

In these conditions, the complete power balance after the
SFR service is given by:

(sz + ZPE) + D kg AL = —Ap+ > ph + Plogs
1 II
(13)

Defining K "= > kg , the expression of AL can be derived
as it follows:

—Ap—p 705& p ;/oss p /l/oss
AL = I + X = B+ X’ (14)
where the term on the right side of the expression is constant
and has been called B. It is worth noting the analogies in the
approach proposed in Sect. II-A.

Similarly to the PFR procedure, the final expression of AL
can be computed starting from AL=B and updating AL based
on the power losses obtainable with power flow solutions
computed iteratively. Fig. 2 shows the flow chart of the
proposed algorithm computing the new steady state regime,
after the action of the SFR of the generators providing the
secondary reserve service.

The input data are the entities of the disturbance, Ap, the
set of the power generated pz, the power losses py ., and
the K” coefficient for SFC. Then, an initial AL=B is set
to compute the initial guess of the generator active power
(see Fig. 2). Thus, a new Power flow is computed so giving a
new value for the losses p lzzs which can be exploited to update
AL by (14).

As shown in Fig. 2, the procedure must be iterated till con-
vergence, i.e., the difference between two consecutive signal
deviation settles at a constant value:

IAL™ —ALTD | < 10l

VOLUME 12, 2024



R. Benato et al.: Dynamic Power Flow Modeling Primary and Secondary Frequency Regulations

IEEE Access

!

Input data:
- Disturbance: 4p
- Power flow solution (*) before disturbance
- Total secondary control reserve: K''=X k',
- Initial guess (SFR signal level):
AL W)= - (Ap+pye) /K" (14)
I

Estimate the new generator active
powers:

" =p,+k AL (12)
gell

Compute the Power Flow solution, so
the new power losses p,”

l

Evaluate the new frequency deviation:

* (n)
Mfﬁ:Jziqu—fj.’o:: +Pfoi: (14)
K K

l

Check the termination
criterion
‘AL(H/ — ALOFD | < fol

yes i

Output results:

Generator active powers after PFR+SFR: P,
New network power losses p”__

Network signal level AL’

End

FIGURE 2. Flow chart of the proposed iterative scheme computing the
power flow solution for Method B.

Again, the output of the new steady-state regime occur-
ring after a disturbance and the regulation of the PFR+4-SFR
can be found (i.e., the signal level AL, p, . p",) without
simplifying hypotheses and without recurring on dynamic
simulations.

It is worth noting that, in this case, PFR and SFR act
simultaneously. The action of the PFR is implicitly included
in the procedure but no operating point related to the PFR
is derived. In fact, the steady-state operating point reached
after the SFR action is independent from the PFR behaviour.
Indeed, input variables of this procedure depend only on
pre-disturbance parameters, and not on intermediate parame-
ters resulting from the calculation with only PFR derived in
Section II-A.

Ill. SIMULATION RESULTS

The algorithm PFPD-D is applied to the WSCC 9-bus system
and to a real-world grid model, namely, the Sicilian transmis-
sion system (102-bus system). The WSCC 9-bus network is
chosen, since it is a well-recognized benchmark for power
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system simulations developed by Anderson and Fouad [26].
The 102-bus Sicilian network, instead, is chosen since it
is significative large and real power system. This network
contains also the connection with the power system of the
Malta island [27]. So, the effectiveness of PFPD-D is also
tested by a real-world power system.

The results of PFPD-D are always compared with a
conventional time domain simulation. In fact, time domain
simulations give the steady-state value settling at the end of
the transients following any disturbance and the actions of
both PFR and SFR.

For the simulations of Method A, the comparison between
the results obtained considering the frequency deviation of
PFPD-D proposed in (10), the steady-state approximation
of (2) and the results of TDSs performed with Dome [28]
is performed. Dome is a recognized power system analysis
software written in Python, C and Fortran and developed by
Prof. Milano. Its distinguishing feature relies on its usabil-
ity by the interested researchers, who can contribute to
improve its modular structure for the sake of power system
community.

For the Method B simulations, the comparison between the
new active power injected by the generators obtained by (12)
and the results of TDS performed with Dome is carried
out.

A. CASE STUDY I: THE WSCC 9-BUS SYSTEM

The scheme of the WSCC 9-bus system adopted for the sim-
ulations is shown in Fig. 3. It is supposed that each generator
provides both the PFR and SFR service.

FIGURE 3. WSCC 9-bus test system.

For PFR, a PFC value of 50 MW/Hz (which corresponds to
adroop constant 0 =0.04 weighted on 100 MVA power base)
is set. For SFR, a value of 100 MW for all the ké’,/ coefficients
of all the generators is set. The base-case total dispatched
power is 319.65 MW.

Table 1 shows the frequency deviation and the active pow-
ers generated in steady state considering PFR and after a
loss of load of Ap =9.6 MW (3% of the total generated
power). Such results are performed by considering Method
A (see Sect. II-A). The standard formulation (2) introduces
an error respect to TDS for the frequency estimation of
3.77%; differently, PFPD-D estimation is more in tune with
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TABLE 1. Results of the comparison for the 9-bus case. The percentage
values are computed with respect to the frequency and power mismatch
between pre and post disturbance.

Dynamic % error
dist::s;nce Sta?Zd)ard PFPD-D  model T;;Ser-r‘z;) D
(TDS) PFPD_D
Af[Hz] 0 0.0639  0.0662  0.0664 3.77% 0.30 %
pai [MW] 71.65 68.12 68.34 68.32 6.01 % 0.60 %
pc2 [MW] 163.00 159.80 159.70 159.68 3.61% 0.60 %
pc3 [MW] 85.00 81.80 81.70 81.68 3.61% 0.60 %
PFR + SFR Generation active power difference for
3 WSCC 9-bus system
PFPD
L (2) J
_'3" TDS
2
—-3.2F .
QL
<
-3.3¢ .
-3.4 .
1 2 3

Generation nodes

FIGURE 4. Steady-state generation power difference computing
Method B for the WSCC 9-bus system.

the dynamic simulation, with an error of 0.30% with respect
to TDS (see Tab. 1). Moreover, the errors in the power devi-
ation post-disturbance and after the action of the PFR always
remain below 1% for PFPD-D. Differently, the corresponding
errors for standard formulation (2) reach the value 6%. This
confirms that PFPD-D is more in tune with TDS, so better
matching the network reality (see Tab. 1).

By considering Method B, Fig. 4 shows the difference
between steady-state active power generated before and after
the action of the SFR for the WSCC 9-bus system. All the
coefficients ké’,’ are constant, so the same active power differ-
ence is injected by generators. Fig. 4 highlights a generator
active power difference between PFPD-D and TDS of 0.30%
and between PFPD-D and the analytical formulation (2)
of 3.6%.

B. CASE STUDY II: THE SICILIAN GRID (102-BUS MODEL
POWER SYSTEM)
Next, we consider a 102-bus model of the Sicilian grid, see
Fig. 5. In this case, the disturbance is a 34.5 MW loss of load
(3% of the total generated power) in the Malta island (see
“Location 4™ in Fig. 5).
The total pre-disturbance dispatched power is 1150 MW.
In this case, all generators participate to the PFR service
with a PFC of 50 MW/Hz. In fact, since this network is part of
the Italian transmission system, the participation of all its gen-
erators is mandatory. According to the Italian grid code [29],
indeed, all the generation units with nominal power higher
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zolkod Location 3 f

- Location 2

“ Location 1
= (Malta)

—]

FIGURE 5. Sicilian transmission network.

than 10 MVA must provide PFR service. However, PFPD-D
is completely general, so the case where some generators do
not provide PFR can be easily handled by fixing a PFC equal
to 0 MW/Hz.

The results of the comparison are reported in Table 2 in
terms of frequency deviation and active and reactive power
provided by the slack bus. Such results are performed by con-
sidering only PFR (see Sect. II-A). In this case, the frequency
estimation error introduced by the standard formulation (2)
is 4.5%, whereas PFPD-D estimates the real frequency devi-
ation with an error of 0.39%.

Regarding the estimation of the active power deviations,
Tab. 2 shows that the errors of PFPD-D respect to the real
dynamic TDS are always below 1 %, instead the errors
between (2) and TDS, in some cases, reach 4.8 % of deviation.
In Fig. 6, the comparison in terms of active power provided
by all other generators computing Method A is shown.

Fig. 6 confirms that the error observed in the frequency
estimation by (2) propagates itself also in the active power
generated by each generator after the action of the PFR,
as already shown in Tab. 2. Contrarily, the estimation made
by PFPD-D returns errors always below 1%.

By considering Method B, Fig. 7 shows the difference
between steady-state active power generated before and after
the action of PFR + SFR for the Sicilian network. All the
coefficients k;,/ are constant, so that the same active power
difference is injected by generators.

Fig. 6 highlights that the generator active power difference
between PFPD-D and TDS is 0.35% for the Sicilian network.

C. DISCUSSION ON THE CONVERGENCE OF PFPD-D

Since Method A and Method B are iterative algorithms (see
Sect. II-A and II-B), the problem related to their convergence
properties must be addressed.

Method A and Method B are outer loops computing the
power flow problem (internal loop) iteratively. Thus, if the
network under analysis is well conditioned, convergence is
guaranteed as long as the power flow convergence is guar-
anteed. Moreover, several tests show that if the entity of
the disturbance is too heavy, e.g., loss of a big amount of
load centers or generation units, the power flow problem

VOLUME 12, 2024
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TABLE 2. Comparative results for the Sicilian grid. The percentage values
are computed with respect to the frequency and power mismatch
between pre and post disturbance.

Pre- Standard PFPD-D  Dynamic % error % error
disturbance ?2) ?11‘(;;1;; TDS - (2) DS -
PFPD_D
Af[Hz] 0 0.0493 0.0514 0.0516 4.5% 0.39 %

par [MW] 275.64 273.01 273.07 273.05 0.02%  0.52%

pc2 [MW] 65.40 62.94 62.83 62.82 021%  0.02%
pcs [MW] 67.00 64.54 64.43 64.42 022%  0.02%
pacs [MW] 47.40 44.94 44.83 44.82 030%  0.02%
pos [MW] 61.70 59.24 59.13 59.12 021%  0.02%
pas [MW] 61.50 59.04 58.93 58.92 021%  0.02%
pa1 [MW] 0 -2.46 -2.57 -2.58 48%  0.40%
pas [MW] 71.20 68.74 68.63 68.62 0.12%  0.02%
pcy [MW] 131.50 129.04 128.93 128.91 0.10%  0.01 %
pacio [MW] 62.50 60.04 59.93 59.92 021%  0.01 %
P [MW] 0 -2.46 -2.57 -2.58 482%  0.40%
pei2 [MW] 66.20 63.74 63.63 63.62 020%  0.02%
pois [MW]  163.40 160.94 160.83 160.82  0.10%  0.01 %
pais [MW] 73.20 70.74 70.63 70.62 0.18%  0.02%
5 T T T T T

3 ——— TDS - PFPD D

= L

4 TDS - (2) R

o

2

=}

a3tk B

o

2

2 4

=1

o

21l J

e

$—

Q

0
2 4 6 8 10 12 14
gen [id]

FIGURE 6. Percentage errors between TDS and PFPD-D and between TDS
and (2) for the active power provided by all generators for Method A in
the Sicily network (102-bus system).

remains well-conditioned. This because before the power
flow computation, the reassignment of the generation outputs
(see (5) for Method A, and see (12) for Method B) restores
the absorbed/generated power balance.

Though any power flow solver could be used for
PFPD-D, in this work, we implement the proposed technique
using the PFPD solver described in [30]. This choice comes
from its convergence robustness and good computational
performances [30].

By considering the 9-bus case and the Sicilian network
case, the convergence trend of Methods A is shown in Fig. 8a
(frequency tolerance of 10~® Hz): the method converges in
5 iterations with a CPU-time of 70 ms for the WSCC 9-bus
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PFR+SFR Generation active power difference for the
Sicilian network

P ya— : . . : :
—PFPD D
23f @ 1
—— TDS
—.24F _
£
S5t i
R
qh6F 3
274 J
aal 1 | | . | .
2 4 5 8 10 12 14

Generation nodes

FIGURE 7. Steady-state generation power difference computing Method
B for the Sicilian network.

Method A
9-bus Sicilian network
0.0515

0.066 _00s1
G} = PEPD_D
z PFPD_D £.0.0505 @
~0.065 @ ~ o8
< D5 < 005

0.064 0.0495

0.049
1 2 3 4 5 1 2 3 4
n. interations n. interations
(a)
Method B
9-bus 245 Sicilian network
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FIGURE 8. Convergence trend of PFR (Method A) and for PFR+SFR
(Method B) for the WSCC 9-bus system (a) and for the Sicilian network
(102-bus system) (b).

network, and with 4 iterations with a CPU-time of 80 ms for
the Sicilian network. For each grid, the error of the approxi-
mate solution falls below 1% after the first iteration.

Similarly to Method A, the convergence trend of Method B
for the 9-bus case and the Sicilian network case, is shown
in Fig. 8b (signal level tolerance of 10~® Hz). The method
converges in 4 iterations with a CPU-time of 70 ms for the
WSCC 9-bus network, and with 4 iterations with a CPU-time
of 80 ms for the Sicilian network. Also in this case, for each
grid, the error of the approximate solution falls below 1%
after the first iteration. Please note the CPU times for both
Method A and B are the same, since the two iterative methods
have the same structure.

The method allows accurately calculating the frequency
deviation value after the second iteration for both cases. Fig. 9
shows the convergence speed of the iterative method.
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TABLE 3. Comparative results for the Sicilian grid by varying the disturbance entity and location.

Disturbance Location 1 Location 2 Location 3 Location 4
Entity
[%] respect to TDS-(2) |TDS-PFPD-D| TDS-(2) |TDS-PFPD-D| TDS-(2) TDS - PFPD-D TDS- (2) TDS - PFPD-D
the total load | % error on Af| % error on Af | % error on Af| % error on Af | % erroronAf| % errorondf | % error on Af % error on Af
2.5 4.92 0.40 0.67 0.23 0.87 0.70 2.31 0.15
5 4.40 0.39 0.59 0.23 0.77 0.69 2.10 0.14
7.5 3.89 0.39 0.50 0.23 0.68 0.69 1.87 0.14
10 3.38 0.34 0.42 0.23 0.57 0.68 1.65 0.13
Method A Method B 10 ' ' ' ' ' ' ' ;
5 5 9-bus PFPD D
9bus 9bus 8r 9-bus (2) 1
4 Sicilian network 4 Sicilian network -- = — - Sicily PFPD D
g 3 $'3 & 6f Sicily (2) 1
g2 g 5
5] E 2 E 4t 4
1 1
0 0 2 |
1 2 3 4 1 2 3 4
n. interations n. interations (= RS S AR S AR NN RAT S I

FIGURE 9. Convergence speed of Method A and Method B applied to the
9-bus network and to the Sicilian network (102-bus system).
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FIGURE 10. Frequency deviation percentage error between PFPD_D and
TDS (black lines) and between (2) and TDS (grey lines) by varying the
power disturbance entity with Method A.

With the aim of verifying the robustness of PFPD-D
algorithm, two parametric analyses are performed: the first
by changing the entity of the disturbance (see Fig. 10) and the
second by changing the PFC of all generators (see Fig. 11).
The results given by PFPD_D and by formulation (2) are
compared with the results of the complete TDS in terms of
percentage errors. Fig. 10 shows the results of the parametric
analysis by varying the disturbance entity. The percentage
error in the frequency deviation estimation of the formu-
lation (2) increases with the decreasing of the disturbance
entity, and it remains always above 3% for each grid under
analysis. However, the error between PFPD_D and TDS
remains below 1% regardless of the entity of the disturbance.

Fig. 11 shows the results of the parametric analysis by
varying the PFC of each generator. In this case, the percentage
error in the frequency deviation estimation does not depend
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FIGURE 11. Percentage error between PFPD_D and TDS (black lines) and
between (2) and TDS (grey lines) by varying the PFC of each generator.

on the generator PFC and it remains always close to 4% with
the classical formulation (2) but it decreases under 0.5% with
the PFPD-D algorithm. The actual minimum error is reached
for a PFC value of 88 MW/Hz.

These important results suggest that the frequency estima-
tion given by (2), and the derived PFR contributions of the
generators, are less accurate chiefly for small disturbance,
which is the situation in which they have the biggest impact,
i.e., in the economic dispatch for the allocation of ancil-
lary services. Otherwise, the proposed procedure allows to
strongly improve the accuracy in a simple and effortless way.

Eventually, Table 3 presents the results for the Sicilian
grid of a parametric analysis performed by changing the
disturbance entity and the location of the disturbance (for the
locations of the disturbances refer to the geographic maps
in Fig. 5).

The percentage error between PFPD_D and TDS for the
frequency deviation is always below 1%, whatever the loca-
tion of the disturbance is. Differently, the errors obtained
with (2), especially for Location 1 and Location 4, are
non-negligible and close to 5%.

IV. CONCLUSION

A novel dynamic power flow, named PFPD-D, is proposed
in the paper. This algorithm is made of two iterative methods
(Method A and Method B) giving the steady-state solutions
after the occurrence of a power system disturbance. PFPD-D
method does not use neither any simplifying hypotheses nor
QSS/TDS in the computation of the frequency deviations.
In fact, the steady-state effects of the system control devices
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(primary and secondary regulators), the impact of frequency
variations, and the impact on the system of the new power
losses are considered without resorting to the whole system of
differential algebraic equations describing the power system
dynamic. Moreover, an evaluation of the power system signal
level useful for a centralized secondary regulation of power
system is performed in the paper. The high convergence
speed of PFPD-D, together with its accuracy, makes PFPD-D
preferable to time-domain simulations for planning and oper-
ation analyses.

The paper shows that the frequency deviations and the
power losses, computed by means of these new formulations,
are in tune with the exact solution of the dynamic model
both for a reference network and for a model of the Sicilian
grid. Simulation results also show that the well-known dis-
tributed slack-bus formula (2), typically used to estimate the
steady-state frequency deviation, could differ from the exact
solution up to 6 %.

The advantages of PFPD-D are the ease of implementation,
together with the precision of the results without resorting
to the high computational cost of time domain simulations.
However, only the steady-state operating points after the
actions of PFR and SFR can be estimated. This paper is
suggested for power system planners and designers involved
in assessing the power system robustness and stability after
the occurrence of any disturbance.

Further researches are ongoing to assess the applicabil-
ity of PFPD-D to real and large power systems (e.g., the
Italian transmission power system and the ENTSO-E power
system).

A. APPENDIX A

Data of the WSCC 9-bus system of Fig. 3 are presented in this
appendix, being classified in Bus data (Tab. 4), Transformer
data (Tab. 5), and Line data (Tab. 6). Regarding the Sicilian
network shown in Fig. 4, its data cannot be published due to
non-disclosure agreements with the Italian TSO Terna. Tab. 7
shows some aggregated data about the Sicilian network. Both
networks are operated at the European industrial frequency
of 50 Hz.

TABLE 4. WSCC 9-bus system: bus data.

Bus | Type P Q Viominal
D IMW] | [Mvar] | [kV]
1 Slack | - - 16.5
2 PV 265 - 18.0
3 PV 260 - 13.8
4 PQ 125 50 230

5 PQ 150 30 230

6 PQ 100 35 230

7 PQ 0 0 230

8 PQ 0 0 380

9 PQ 0 0 380

(*) P is the active power injected (for PV buses) or absorbed (for PQ buses), Q is the
reactive power injected (for PV buses) or absorbed (for PQ buses)
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TABLE 5. WSCC 9-bus system: transformer data.

Transf. ID|Sending|Receiving| Sending Receiving Vee Pcc Prom
bus bus voltage voltage [%] [%] | [MW]
[kV] [kV]
1 1 8 16.5 230 5.76 0 100
2 2 7 18.0 230 6.25 0 100
3 3 9 13.8 230 5.86 0 100

(*) Vee is the percentage short-circuit voltage, Pcc is the percentage short-circuit
power, Puon is the transformer nominal power.

TABLE 6. WSCC 9-bus system: line data.

Line S R \" r ! c g
ID | end | end | [kV] [Q] [mH] [UF] [nS]
1 8 4 230 5.29 119.27 0.88 0
2 8 5 230 8.99 129.10 0.79 0
3 4 7 230 | 16.93 225.92 1.53 0
4 5 9 230 | 20.63 238.55 1.80 0
5 7 6 230 | 4.50 101.03 0.75 0
6 9 6 230 6.30 141.44 1.05 0

(*) ris the total longitudinal resistance, / is the total longitudinal inductance, c is the
total transversal capacitance, g is the total transversal conductance

TABLE 7. Sicilian network (102-bus system): aggregated data.

Number of buses 102
Number of PV buses 13
Number of PQ buses 85
Number of lines 75
Total line extension [km] 1930
150
Line voltage levels [kV] 220
400
Number of two-winding transformers 47
Number of three-winding transformers 4
Number of reactive shunts 10

B. APPENDIX B
Although any power flow solver can be run for PFPD-D,
in this paper, PDPF [30] has been exploited. The basics of
PFPD [30] are briefly presented.
PFPD is a power flow solver entirely based on a matrix
approach only exploiting the nodal admittance matrix.
Given a power system network with n nodes, the relation-
ship between the entering currents ( iN) and the voltages ( e)
at its nodes can be modelled by means of its nodal admittance
matrix YN (n x n):

iN=Yye. (AL)

If all the generators (slack and PV buses) and loads
(PQ buses) are modelled as shunt admittances, a diagonal
admittance matrix YsgL (n x n), giving the relationship
between the entering current (i) into the load/generators and
network voltages (e) and can be defined:

is =YggL € (A2)
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By summing member-to-member (A1) and (A2), it is pos-
sible to write (A3), i.e.:

i=Ye. (A3)

where Y = Y y+Y ¢, is the total bus admittance network
admittance matrix linking the external currents injected at
all network buses and the nodal voltages. This matrix is also
defined as ‘“‘all-inclusive’ matrix, as it contains the informa-
tion of all the specific power flow problem.

It is worth reminding that in PFPD the slack bus generator
is modelled, for the first time in technical literature, as a
current generator.

. 0 Uy
iG{ — Ycc Yoo uc
0]
0]_ Uy
0 | Uy
0
. ) Yic YL
iy |0 uL
0
0
i Y=YntYscL u

FIGURE 12. Partitioned form of i=Y u.

Fig. 12 gives a graphical representation of (A3), in which it
is introduced the block partition dividing generators and loads

It is worth noting thati = [J, 00 ...0 0 0]' is the column
vector of the currents injected at buses in Fig. 12.

By introducing the partition shown in Fig. 12, it follows:

ic=Ygouc+Ygru (A4)
0=Y,qus+Y;u. (A5)

By applying the standard matrix procedure for variable
elimination, (AS) can be rewritten as:

—1
uy=—-Y, " Yigug (A6)

The substitution of #; in (A4) yields:

. -1
i6= Yoo — Yor¥ i, Yig) te=Yaets (A7)

where ¥ Geq is the admittance matrix as seen at the generator
buses. It allows, by means of its inverse, computing the
impedance matrix as seen at the generator buses i.e.:

-1
ZGeq :XGeq (A8)

The element Zgeq(1,1) of this matrix is the impedance as
seen at slack bus and can give the current source J, by means
of:

Lo = ttar | Zieg (1) (A9)

From the computation of the matrix equations (A4)-(A9),
the power flow of the entire system is determined.
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However, since all the voltage phasors (except the slack
voltage) are unknown, (A4)-(A9) are computed starting
from a reasonable power flow initial guess (flat start), and
the convergence of the power flow solution is then found
iteratively.

The solution update is based on the correcting current
method: suitable currents are injected into the network buses,
in order to adjust the nodal voltages, which are the actual
solutions of the power flow problem. Please refer to [30] for
the detailed iterative formulation.
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