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Abstract

This is a study of a combined load restoration and generator start-up proce-
dure. The procedure is structured into three stages according to the power
system status and the goal of load restoration. Moreover, for each load restora-
tion stage, the proposed algorithm determines a load restoration sequence by
considering renewable energy such as solar and wind park to achieve objective
functions. The validity and performance of the proposed algorithm is demon-
strated through simulations using IEEE-39 network.

Keywords: load restoration, restoration stage, renewable energy,

voltage/frequency fluctuations

1. Introduction

With the development of modern societies, power supply reliability becomes
one of the most important issues for today’s network operators. The blackout
state of a power system is defined as the interruption of electricity generation,
transmission, distribution and consumption, when operation of the transmis-
sion system or a part thereof is terminated. A power system blackout can cause

serious consequences by restricted operation of medical facilities, road, air, and
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rail traffic congestion, internet breakdown, and interruption in manufacturing
processes, etc. Normally, most of the supply interruptions are caused by tem-
porary failures such as lighting, overhead line swing, etc. which can be removed
by protection relays. However, incorrect handling of failures may lead to cas-
cading outage which eventually results in a partial to complete collapse. To
reduce the economical impacts and minimize the negative influences brought by
power system blackout, an efficient power system restoration plan is of utmost
importance for power system recovery.

A power plant can be classifed as Non-Black Start (NBS) and Black Start
(BS) unit. A NBS unit has to receive cranking power to start its auxiliary devices
before rebooting, while BS unit can reboot itself without external power. In the
initial power system restoration process without tie line, the primary task is to
reboot BS units to send cranking power to start NBS units. Normally, during the
booting process, the BS units, such as hydro power plants are utilized to control
frequency and voltage due to their fast response speed. In some cases, the output
of BS units decreases in order to keep the frequency and voltage stable. Under
normal conditions, the booting process of NBS units, whose output increases
almost linearly, dominates the power system restoration time as the booting
process of NBS units is much longer than the BS units. Depending on status
and characteristics of NBS units, start-up sequence of NBS units has to be
determined, which influences power system restoration time. After that, the
skeleton of network should be energized to make a good foundation for massive
load restoration. This study is towards load restoration process whose main
task is to determine the sequence and the amount of load that can be picked
up in one step. In each load restoration step, the active power of restored
load must be limited according to the active output of online generators or
else the constraints of frequency stability cannot be satisfied. In similar way,
to ensure voltage stability, the online generators have to have enough reactive
power reserve to balance the reactive power of restored load. Besides the control
systems of online generators, such as the excitation systems, turbine governors,

etc, the static and dynamic behavior of load have great impact on the frequency



and voltage deviations during the load restoration process.

2. Overview of Three-Stage Load Restoration Process

Power system restoration subdivides into build-up and build-down strate-
gies [T, [2], and consists of tasks such as start-up of generators, energizing unload
transmission lines and load restoration. In [3, [} [5] [6l [7], general challenges and
guidelines for a network restoration process are discussed. According to [3] 4],
power system restoration can be divided into three steps: booting generators,
energizing the network skeleton, and load restoration. Based on these three
steps, the overall load restoration process is classified into three stages in this

paper as illustrated in Fig.

1. Normally, BS units are hydro power plants, diesel generators,etc. with
limited capacity. At the beginning of power system restoration, NBS units
(such as fossil fuel power plant) with large capacity have to be restarted
and re-connected to grid. Therefore, the main objective in this stage is
to send cranking power to NBS units that can be energized by BS unit.
The number of NBS units that can be rebooted simultaneously in this
stage is determined by the capacity of BS unit. In this stage, the entire
power system suffers from blackout. BS unit has to restart immediately
and energize the network between BS and NBS units. Generally, most of
BS units require to reach the minimal output as soon as possible to ensure
stable operation. Therefore, the primary task of load restoration in this
stage is to restore commensurable load, that is not less than the minimal
output of BS unit. Since the main task in this stage is to reboot NBS units,
the load restoration process halts when the restored load approaches the
maximal restorable load (except cranking power of NBS units) in this
stage.

2. In this stage, some NBS units are booting or waiting for the cranking
power from grid, while the output of online generators increases. During

the waiting period of connection of NBS units, the increased output of



online generators can be used to re-energize the important load center

substations. The goals of second stage are the followings:
e cnergizing the network skeleton to next NBS units,

e sending cranking power to NBS units and picking up load for stable

operation of power system,

e connecting additional high priority load when the full network skele-
ton is energized and all NBS units can receive cranking power from
grid.

3. After re-energizing all substations and NBS units in the grid, the load
restoration enters into the third stage whose main task is to restore as
much load as possible within minimal time. In the third load restoration
stage, the load restoration process can be conducted by determining the
load restoration sequence based on the load priority and load size. The
third load restoration stage terminates when all load in the grid is restored

or the maximal capacity of generators is reached.
The contributions of this paper are:

e Define three load restoration stages according to status of power system
restoration process. In each stage, the tasks and goals of load restoration

are defined.

e In each load restoration stage, a load restoration methodology is developed

to achieve the goal functions and satisfy the operational constraints.

e A novel algorithm is proposed based on fuzzy system to determine the

energizing sequence of the network skeleton.

e Determine the negative/positive spinning reserve power by considering the

renewable energy.

e Determine the minimal /maximal restorable load by considering generator

start-up sequence.
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Figure 1: Power System Restoration Stages and Tasks

e Consideration of renewable energy as NBS units
e Integrating dynamic simulations to check on transient stability criteria
The limitations of this paper are:

e This paper focuses on load restoration process for the situation that total
power system is blackout and the collapsed grid can not receive exteral

power via tie line.

e A large scale grid has to be partitioned into small subsystems to enable
parallel restoration process in each subsystem [§]. Normally, the parti-
tioning strategies have ensured that each subsystem includes only one BS
unit. Since the load restoration process in each subsystem is similar, we

only focus on the load restoration in one subsystem in this paper.



3. Related Work and Paper Contributions

Since the load restoration problem can be formalized as a multi-objective
optimization problem, in [9] an ant algorithm is implement to determine the
load restoration sequence by considering cold load phenomena. In [10], dis-
tributed generation(DG) is considered to support the power system restoration
and optimized by using genetic algorithm. In [I1], fuzzy-heuristic methodology
is implemented to calculate the restoration time by considering electric service
quality (ESQ) index. The goal of this paper is to minimize the economic loss
which is related to penalty costs caused by non-supplied energy. The simi-
lar work [12] utilizes the fuzzy set theory to estimate the loads in distribution
network without real time meters. Based on the estimated value, a heuristic
search method is proposed to establish the restoration plan. The goal of the
restoration plan is to minimize the switching operations. In [I3], the status of
each switch in distribution network is represented as a bit in a chromosome for
genetic algorithm (GA). Each chromosome maps to feasible network topology.
The optimal distribution network topology can be figured out by using GA af-
ter faults occur. Paper [I4] implements the particle swarm algorithm to find
optimal sizing and location of distribution generation (DG) in distribution net-
work to reduce the distribution substation transformer loss and the lost load.
In [T5], a tabu search based metaheuristic technique is implemented to calculate
the restoration time by considering multiple objectives, such as maximization
of the transferred load, minimization of the required time and of the power
losses of the new configuration. In [16], a load estimation method based on
the wide area monitoring system(WAMS) is proposed to determine maximal
load size that can be restored in one step. The range of restorable load size
is updated iteratively by the frequency error between the calculated frequency
and the measured frequency from WAMS. Nevertheless, the mentioned contri-
butions only consider the situation how to pick up the load optimally when part
of restored network is stable. Moreover, the contributions and operation con-

straints of renewable energy in the load restoration process are not considered



during the load restoration process. The innovation and contribution in this
paper is the consideration of renewable energy in load restoration and to keep
power system stability in terms of voltage and frequency transients during the
restoration process starting with the first blackstart unit. Tab. [I] compares the
proposed algorithm and the existing researches by using six main features.

This paper is organized as follows: Section [4] provides the mathematical
model of the power system for conducting dynamic simulations. In section
the operation constraints for load restoration are given. Section [6] explains the
task oriented algorithms for three load restoration stages. Section [7] presents the
simulation results for the IEEE 39 nodes test grid. Finally, Section [§] concludes
the paper.

4. Mathematical model of power system

In order to calculate the transient behavior of frequency and voltage fluctu-
ations after restoring a load, the complete mathematical model of the overall
system has to be established. This mathematical model consists of the dif-
ferential equations and algebra equations. Differential equations describe the
dynamic models of online generators and restored load while algebra equations
describe the network equations of network topology, static load, and generator
equations. The mathematical models which are utilized in this paper for tran-

sient simulation are depicted as follows:

Synchronous Generator Model: The second-order synchronous genera-
tor model is used for transient simulation, as it is sufficient for the estimation
of frequency and voltage deviations [25]. According to the recommendation
n [26], IEEE standard 421.5 is implemented for excitation system model. The
configurations and parameters of excitation system model are presented in [25].
Moreover, the turbine and turbine governor model which are described in [25]
are implemented according to the conclusion in [27].

Load Model: The load composition varies with time and has large randomic-



Table 1: Comparision results of proposed algorithm and existing researches

Reference | F1 | F2 | F3 | F4 | F5 | F6
Thiswork | Y | Y| Y| Y | Y| Y
[ N| | N|IN|NJ]Y|N
[18] N|Y|N|N|Y|N
[19)] N|Y|N|N|Y|N
[20] NI N|Y|N|N|N
[21] N|N|N|N|Y|N
[22] N|  N|IN|NJ|]Y|N
[23] N|Y| N|N|]Y|N
[24] N|]Y| N|NJ]Y|N

Feature:
F1: Does the method consider renewable energies during the load restoration?
F2: Does the method provide the load restoration sequence?

F3: Does the method calculate the maximal restored load in different power system

status?
F4: Does the method handle the total power system blackout?
F5: Can the method be employed without training?

F6: Does the method restore load with different task according to power system

status?
Notation:
Y: Yes.

N: No.



ity. In this paper, the composite load model which combines ZIP (Eq. [1)) and
induction motor model is implemented. The ZIP and induction motor represent
the static and dynamic part of load respectively. Load model parameters can be
estimated by the historic data using load forecasting algorithm. Moreover, the

cold load model in [I0] is implemented to simulate the cold load phenomenon.

Pr = Por * [KPZ * (Ur/Uor>2 + KPI * (Ur/Uor) + KPP]

Qr = Qor ¥ [Kqz * (UT/UOT)Q + Kqr * (Ur/Uor) + Kqp]

where P, @, and U, are real active, reactive power and voltage values of load;

(1)

P,., Q.- and U,, are the rated values of active, reactive power and voltage of
load; Kpz, Kpr and Kpp are the active power parameters of load mode with
Kpz+Kpr+Kpp =1; Kgz, Kgr and Kgp are the reactive power parameters
of load mode with Koz + Kgr + Kgp = 1.

Inverter Model: A P(Q control strategy is implemented for the inverter
model. Under PQ control strategy, the output of active and reactive power

from distribution generators (DG) are controllable.

5. Operational Constraints for Load Restoration

To ensure stable operation of the power system, the following constraints

have to be satisfied during the overall load restoration process:
e The steady state voltage fluctuation has to lie in the prescribed ranges
Vinin < Vi < Viae, =1, , Ny, (2)

where V,,;n and V,,,4, are the minimal and maximal allowable steady state
voltage, V; is the steady state voltage at iz, substation, Ny is the number

of substations.

e The maximal transient voltage fluctuation should lie in the acceptable
range

‘/tminsv;fié‘/tmawy izla"'7Nsa (3)



and V; are the minimal and maximal allowable transient

max

where V;

min

voltage, V;; is the transient voltage at i, substation.

The current within the restoration paths should not exceed the maximal
value

L<I

max>’ j:17"'aN€7 (4)
where N, is the number of lines and transformers in restoration paths,

I7. ... is the maximal allowable current in ji, line and I; is the current in

Jen line.

In power system, frequency control consists of three stages: primary, sec-
ondary and tertiary frequency control. For the primary control, it exists
the steady state frequency error due to the proportional control charac-
teristic. In order to bring the frequency back to the normal value, the
secondary frequency control is carried out. In interconnected power sys-
tem, automatic generation control (AGC) is implemented to adjust the

reference value of the generators output.

VAN ()

where |Af| is the maximal frequency fluctuation, o; is the allowable tran-

sient frequency fluctuation.

The load has to be restored step-by-step by closing the switches. Thereby,
the restored load is not a continual value but a set of discrete values. The
maximal load that can be restored at one step should not be exceeded. The
constraints of maximal frequency and voltage deviations determine the
maximal load that can be restored at one step. Fig.[2|shows the frequency
behavior after load restoration. However, to determine the maximal load
increment is a complicated task. It depends on the load types, the network
topology, excitation and the speed governor systems of the online gener-
ators, etc. In [3], it figures out that if the maximal load increment does

not exceed 5% rated capacity of online generators, power system can keep
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frequency and voltage stable. Moreover, in each load restoration stage,
the maximal load increment is limited by the maximal ramp rate of online
generators (including NBS and BS). For example, PJM Interconnection
(PJM) uses 5% for fossil steam units, 15% for hydro units, and 25% for
combustion turbines [28]. In this paper, the maximal load increment is

determined by the ramp rate of online generators.

Frequency (Hz)

Allowed ,—
Bandwith ¥—

Figure 2: Frequency behaviour after load restoration

At present, conventional generations, such as thermal power plants, hydro
power plants are worked as NBS and BS units. However, based on the
forecasting technology, RES can be regarded as BS unit based on the
energy availability. For example, for 100 MW solar park, the forecasting
minimal output for next 1 hours is 80 MW. Then we can consider this
solar park as 50 MW BS unit for next 1 hours. (we should estimate the
restoration time to identify the forecasting time schedule of renewable
energy, or else this BS unit is only available for 1 hour). Furthermore, the
RES equipped with storage can be regarded as BS unit depends on the
SOC of storage and the availability of renewable energies. Determination
of reserve power for frequency control has to consider many aspects such
as maximal fluctuation of restored load and forecasting error of renewable

energy output. For example, when a solar park begins to inject power to
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grid, commensurable load has to be restored to keep frequency and voltage
stable. However, the difference between estimated and acutal output of
solar park has to be covered by conventional power plants. For the case
that the actual output of renewable energy is larger than the forecasting
value. This means that other generators in power system have to decreases
their output to balance the load and generation. On the other hand,
the power system has to have enough positive reserve power to control
frequency when the forecasted output is larger than actual output of the
solar park. The reserve power has to satisfy Eq. [6] for a forecasting time

span Tforecasting-
N¢ N!
PY >3 P+ YR,
=1 k=1

N°© N'
PP>3"P, +) P,
i=1 k=1

where PV is the negative active power reserve provided by conventional

(6)

BS/NBS units with primary and secondary frequency control, P¥ is the
positive active power reserve provided by conventional BS/NBS units with
primary and secondary frequency control, P,, is maximal negative fluctu-
ation of iy, renewable energy, P;, is maximal negative fluctuation of ki,
load, P,, is maximal positive fluctuation of i;), renewable energy plant, P,
is maximal positive fluctuation of k;p, load, N€ is the number of renewable
energy plants, N! is number of loads. In addition, power system should
have enough reactive power reserve by using reactive compensation de-
vices or the generators which can control their reactive power. The active
and reactive power reserve have to be updated for each forecasting time

span Tforecasting .

The ramp rate of online generators has to be larger than the summation

of positive/negative reserve power and load increment in one step.

Grp > max(PY, PY) 4+ L;, (7)
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where G, as the ramp rate of online generators, L;,, as the load increment

in one step.

The maximal restorable load L™ has to satisfy Eq.[8] which ensures that

enough cranking power is available to reboot all NBS units.

N M
L™ < By +) Na,
i=1 j=1
Q
o PP o ZNB% = Lia
k=1
where By, as the maximal active output of 7,5, BS unit, N as the number of
BS units, N B, as the maximal active output of j;;, NBS unit, M as number
of NBS unit that have already integrated into grid, N B., as the cranking
power of k;, NBS unit that is still waiting for the cranking power, Q as
the number of NBS units that are under booting process, L.q as already

total restored load.

The minimal restorable load increment L,; has to satisfy Eq. [0}

w
Z Gminc + PN = L'rl (9)

c=1
where Goin, as the minimal active output of ¢;;, online generator, W as

the number of online generators.

For example, assuming there are six generators. Generator 1 is a 15 MW
BS unit and Generators 2 to 6 are NBS units. Moreover, the generator
start-up sequence is from 2 to 6. Tab.[2] shows the generator data of NBS

units.

From Tab. [2l can be seen that BS unit can reboot NBS units 2 and 3 simul-
taneously. After Generator 2 and 3 receive cranking power, the maximal

restorable load can not be larger than 153 MW which is calculated by

13



Table 2: Generator Data of NBS units
Generator Maximal Cranking Minimal

Output(MW) | Power(MW) | Output (MW)

1 15 0 0

2 220 7 40

3 125 4 25

4 220 7 35

5 330 10 60

6 330 10 60

following equation:

L™ < By + Np,, + Np,,
—P” — Np,, — Np,, — Np,,
with
By =15MW, Np,, = 220MW, Np, = 125MW
Np,, = TMW,Np,, =10MW,Np, =10MW
PP =180MW
The minimal restorable load equals 115 MW when Generator 2 and 3 are

integrated into grid.

Gming + Gmin3 + PN = Lrl
with
Grming = 4OMW, Gypin, = 25MW, P = 50 MW
6. Three-Stage Load Restoration Methodology

6.1. Stage I: Selection of Restoration Paths and Rebooting of NBS units

The main objective in Stage I is to reboot as many NBS units as possible with

respect to the capacity of the BS unit. In this stage, BS unit begins to reboot
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and send cranking power to NBS units via shortest restoration paths. Before
this, the start-up sequence of NBS units has to be determined [29]. The output
of BS units should not fall below the minimal output to maintain the stable
operation. In order to keep the frequency and voltage deviations within the
acceptable range, sufficient load (except cranking power of NBS units) within
the restoration path has to be restored. The flow chart of Stage I is illustrated
in Fig. In this section, the detailed load restoration algorithm in Stage I is

presented. With N° as the number of substations in the restoration paths, L4, ,

P LH" as the total restored load and ratio of load with high priority in the total
restored load in 4y, substation, ¢ = 1,--- , N* the objective functions of load

restoration in the first stage can be formulated as:

NS
F1 = max Z(eri)
i=1

N (10)
Fy :maX(Z(L—ii)).

The total restored load F; should not exceed the L™ which is calculated by

Eq.[8l The detailed calculation steps are explained as follows:

1. The start-up sequence is determined by using the methodology in [29].

2. The number of NBS units is identified according to the capacity of BS unit.
This stage is accomplished when all NBS units which can be rebooted by
BS units have received cranking power.

3. The shortest restoration paths between BS unit and the goal NBS units
are calculated by using Dijkstra’s algorithm [30]. The load within the
restoration paths L, is identified.

4. The lower limit of the restorable load size L,; equals Eq. 0] while the
maximal load size that can be picked up in this phase is calculated by
Eq.[8

5. The maximal load PI,,,, that can be restored at one step is estimated as

5% rated capacity of online generators.
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Figure 3: Load Restoration Algorithm in First Stage

6. Only the load in L,, that is smaller than PI,,,, is selected and saved in
the LS set.

7. If the LS sets is not empty, the load in LS sets is ranked according to load
priority. The higher the load priority is, the higher ranking value the load
has. Otherwise, the load restoration enters into second stage.

8. The load with highest ranking value will be restored. The transient sim-
ulation and load flow calculation are executed to calculate the steady
state/transient frequency and voltage fluctuations after picking up this

load. Based on the simulation results, if the frequency or voltage fluctua-
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tions exceed the tolerance range, this load is deleted from the LS set and
total restored load remains unchanged. Or else the total restored load
should add this load. If the total restored load is smaller than L., the
algorithm continues searching the next load in the LS set. However, if the
updated total restored load is larger than L™, the load which is restored

in the last step has to be shed and deleted in the LS set.

6.2. Stage II: Re-energizing the full skeleton of grid

After finishing the first load restoration stage, the restoration paths between
BS unit and the NBS units are energized and the initial restored network is cre-
ated. Based on this restored network, the increased output of online generators
can be used to re-energize the skeleton network which consists of most important
load center substations and lines. Re-energizing of the important substations in
this stage makes good foundation for the massive load restoration in the third
stage. In order to determine the optimal network re-energizing sequence, Fuzzy
Decision Method (FDM)-Analytic Hierarchy Proces (AHP) algorithm [29] is
implemented to calculate the ranking values of candidate substations by consid-
ering the node importance degree, the load priority in substation, and shortest
path between restored network and substations. Meanwhile, the load in the
energized substations is selected to be restored by considering the load priority

and available power of online generators.

6.2.1. Performance Indezes for Establishing Network Skeleton

In order to determine the ranking values of candidate substations, three
performance indexes are introduced as follows:
Node Importance Degree «;: The overall network can be regarded as a graph
in which the nodes represent substations and the graph connections stand for

lines. The node importance degree «; of node i is defined according to [31] as

1
i = ) 11
x = (11)
e = Zz,]@vi i) ) (12)
ni(ni — 1)/2

17
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Figure 4: Load Restoration Algorithm in Second Stage

In original network, the nodes which connect to node i are combined with node
1. After the contraction, n; in Eq. is the total number of nodes in the new
network, e; is the average of the shortest distances, v; is the total number of
nodes in the original network, and dyn,i; is the shortest distance between node
1 and node j. The smaller the node number after i;;, node contraction, the
more important i;; node is. On the other hand, the value e; evaluates the
network change degree after 4;;, node contraction. The smaller the e;, the more
important i;; node is.

High Priority Load Size PL—Iji: The ratio of the load with high priority

PH;

to the total load in the 44, substation »

is also an aspect that can assess

the importance degree of the substations. The value of PH; and L; can be

18



estimated by the historic load curves.

Length L;: The shortest line length L; between the restored network and

the 74, candidate substation influences the reactive power and voltage regulation

during the load restoration process. The shorter the line length, the better the

substation.

6.2.2. Load Restoration Algorithm in Stage I

The detailed calculation steps of proposed load restoration algorithm are

shown in Fig.

1.

At the beginning of the algorithm, the restored network topology is iden-
tified.

In the second step, all un-energized substations are regarded as candidate
substations. In succeeding restoration path update, substations that are
selected to be re-energized by restored network are added successively to
the network skeleton. In each update step, only one substation is added.
After the update, the selection rankings for the remaining candidate sub-
stations are recomputed in step 3 to 5 in Fig. [4

To be able to select one substation among the candidate substations, the

performance indexes have to be evaluated for all the candidate substations.

. The priorities are given as ranking for all performance index pairs. To

harmonize the priority ranking and solve priority conflicts, the analytic
hierarchy process (AHP) [32] is used to calculate weighting factors of per-
formance indexes.

Given the performance indexes and their priorities, in step 5 a multi-
objective fuzzy decision method (FDM) is executed to establish a non-
dominated set and a linear ordering on it [33]. For FDM, the performance
indexes have to be formalized as fuzzy membership functions. Since the
values of performance indexes o; and % are lying between 0 and 1, and
the higher the better, linear monotonic increased membership functions

can be used. For the distribution line lengths, linear monotonic decreased
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membership functions can be employed. The line lengths have to be nor-
malized before. FDM computes a set of non-dominated solutions and
ranks the solution using the decision values.

6. The shortest path between the restored network and the candidate sub-
station with the highest ranking value can be identified by using Dijkstra
algorithm.

7. The restored network topology is updated by energizing the selected can-
didate substation and restoration paths.

8. The limit of restorable load L,; and L™ should be updated by Eq. [§] and
Eq. [0]if the number of online generators changes.

9. The load restoration is conducted by using the load restoration algorithm
in the first load restoration stage (Sub-model for Stage I).

10. If the restored load exceeds the upper limit of restorable load L™, the
load restoration procedure has to suspend until new NBS units begin to
inject power to grid. Meanwhile, the loop ends when all NBS units have
received cranking power.

11. If all the NBS units have received the cranking power, the load restoration
process continues by using the Sub-model for Stage I.

12. The second load restoration process terminated when all the NBS units

receive the cranking power and all substations are energized.

6.3. Stage III: Numerous load restoration

After all NBS units have received cranking power and all substations and
lines are energized, the goal of load restoration is to pick up as much load as
possible within the minimal time. This problem can be formulated as knap-
sack problem [34]. Many optimization algorithms including dynamic program-
ming [35], greedy algorithm [34], evolutionary algorithm [36] are used to solve
this problem. In this restoration stage, the restorable load which is limited
by maximal load increment is ranked according to the high priority load size.
Before picking up load, the transient simulation and load flow calculation are

executed to check the operation constraints. After that, greedy algorithm is
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implemented to determine the load restoration sequence. Fig. |5 indicates the

flow chart of the load restoration process in third stage.

Start )

H estimate the maximal
load increment Plyay
1
[2]

put all unrestored load which is
smaller than Pl in set L

[s]  rank the load in set L and
calculate the restorable load L

(<] conduct numerical simulation

and load flow calculation by update the load L

restoring load Ls < Plmax

i
WCOW NO
constran

YES
| pickuptheload |

m
reach the maximal output of
enerators?

YES

Figure 5: Flow Chart of Third Load Restoration Algorithm

The detailed calculation process is explained as follows:

1. The maximal load increment PI,,,, is determined.
2. The unrestored load which is smaller than PI,,,, is put into the set L.
3. The load in set L is ranked according to the load priority and load size.
The load with high priority and large size has high ranking value. The
load set Ls that can be restored in one step is calculated by Eq.
N

Ly=maxy L{,N<M (13)

i=1
with
LS S PImax
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where Lf is the iy, load size in L set, M is the total number of unrestored
load in L set and i is the ranking value index.

4. Transient simulation and load flow calculation are executed to calculate
the frequency and voltage deviations and check the steady state operation
constraints after restoring L.

5. If all operation constraints lie in the acceptable range after load restora-
tion, the load can be picked up.

6. If same constraints can not be satisfied, the load with lowest ranking value
in Ly should be deleted and the transient simulation and load flow calcu-
lation have to be conducted again with updated Ls. The load restoration
process terminates when all load is restored or the maximal output of

generators is reached.

7. Experiments and Results

In this section, the new England network with 39 nodes illustrated in Fig. [f]
is used to demostrate the proposed load restoration algorithm. The software
Digsilent PowerFactory 14.0 is used to execute the power system dynamic simu-
lations and calculate the frequency and voltage fluctuations after load restoring.

In order to demonstrate the load restoration process more clearly, we make

following modifications and assumptions for the new England 39 nodes network:

e Generator 1 is a hydraulic power plant with 150 MW rated capacity and
regarded as a BS unit. The hydraulic turbine governor and excitation
systems are selected from the Powerfactory library named ”pcuHYGOV”
and ”"vcolEEET1” respectively. The ramp rate and the minimal output

of the Generator 1 is 20 MW /min and 10% of the rated capacity.

e Generator 2 and 9 are thermal power plants with 330 MW, 220 MW
rated capacity and regarded as NBS units. The steam turbine governor
and excitation systems are selected from the Powerfactory library named
7GOV” and ” AVR” respectively. Generator 3 is a wind park with 50 MW
rated capacity. The generator data is shown in Tab. [3]
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Table 3: Data of Generator 2, 3 and 9

Generator Maximal Minimal Rebooting Cranking Ramp Rate
Output(MW) | Output(MW) | Time (min) | Power(MW) | (MW /min)
2 330 85 80 10 16.5
9 220 70 100 7 11
3 50 0 10 2 5

e Generator 4 to 8, and 10 are eliminated and replaced by the load.

To simplify the simulation, the maximal load fluctuation is assumed as

+10% of restored load.

According to the algorithm in [29], the optimized generator start-up se-

quence is generator 2,9 and 3.
The new England grid is regarded as 110 kV network
The fluctation of wind park is assumed as +5%.

The necessary operation time for energizing a line is assumed to be 5

minutes.
The forecasting time span for wind park is assumed to be 5 minutes.
The necessary time for load restoration step is assumed to be 5 minutes.

The load model parameters are generated randomly within the acceptable

ranges.

7.1. First Load Restoration Stage

In the first restoration stage, the Generator 1 begins to restart and ener-

gize the restoration paths 39-9-8-7-6-31 in order to send the cranking power

to Generator 2. The red line in Fig. [6] shows the restoration paths. The load

compositions and size within the restoration paths are illustrated in the Tab.

The lower limit of the load restoration size equals 16.5 MW according to Eq.[J]
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(Gmin1 (15 MW) + PY (restored load * 0.1)), while the maximal load that
can be restored in this stage can be calculated according to Eq. [§] (Bg1 (150
MW) - Ng_, (10 MW) - Np_, (7 MW)- Np_, (2 MW) - P¥ (restored load *
0.1))-L,q. Meanwhile, the maximal load increment in one step can be estimated
as 20 MW. Tab. [4 indicates that load L1, L3, L4 and L10 can be restored as the
size of load is smaller than 20 MW. Tab. [5] shows the load restoration procedure
in the first stage. Fig. [7] illustrates output of Generator 1, the frequency and

voltage fluctuations respectively.
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Figure 6: Restoration Paths in First Restoration Stage

7.2. Second Load Restoration Stage

At the beginning of second restoration stage, Generator 2 receives the crank-
ing power from Generator 1 and begins to reboots. The next step is to re-

energize the shortest restoration path between Generator 1 and Generator 9
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Table 4: Load Compositions, Size, and Priority in each Substation

Substation | Load Total Static Dynamic Priority
Load(MW) | Load(%) | Load (%)
L1 19.9 80 20 1
39 L2 23.8 90 10 2
L3 19.7 50 50 2
L4 18.4 60 40 1
k L5 22.2 30 70 2
L6 24 20 80 2
8 L7 20.9 10 90 1
L8 20 40 60 2
L9 37.9 70 30 1
7 L10 18 40 60 2
L11 22.3 20 80 2
L12 23 20 80 1
0 L13 21.9 90 10 2
31 L44 26.3 20 80 2
Table 5: Load Restoration Procedure in First Stage
Time Energized | Restored | Total Restored Goal L L,
(Min) | Substations Load Load (MW) Substation | (MW) | (MW)
0-5 39 L1 19.9 31 109.11 | 16.99
5-10 9 L4 38.3 31 88.87 | 18.83
10-15 8 L3 58 31 67.2 20.8
15-20 7 L10 76 31 474 22.6
20-25 6 None 76 31 474 22.6
25-30 31 None 76 29 474 22.6

Generator 2 receives cranking power from grid
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Figure 7: Output of Generator 1, frequency and voltage fluctuations in this first load restora-

tion stage

(39-1-2-25-26-29) to send cranking power to reboot Generator 9. According to
the assumption, energizing this restoration path needs 25 minutes. Within this
time, the increased output of Generator 1 can be used to pick up the load in the
energized substations. After Generator 9 has received cranking power, Substa-
tion 10 becomes the goal substation in which Generator 3 has connected. After
75 minutes, Generator 3 begins to inject power into grid. The lower and upper
limit of the load restoration size have updated as the P” and PY have changed
in real time (every five minutes in this case) to accommodate the fluctuation
output of wind park. Moreover, the minimal available output of wind park dur-
ing the entire power system restoration process is above 20 MW which can be
regarded as stable source.

After 50 minutes, Generator 9 receives the cranking power from grid and
begins to reboot. During the booting procedure of Generator 2 and 9, the

increased output of Generator 1 can be used to energize the skeleton network
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and restore the load with highest priority. After 115 minutes, the Generator 2
begins to inject power into grid and the maximal load increment increases to

41.5 MW. Tab. [0] illustrates the load restoration procedure in this process.

7.8. Third Load Restoration Stage

In the third load restoration stage, all the substations are energized. The
goal of third load restoration stage is to restore the load as much as possible
within the shortest time. The unrestored load is ranked according to the load
priority and load size. Tab. [7|illustrates the load restoration sequence in third
stage. After 155 minutes, the Generator 9 begins to inject power into grid and
the maximal load increment in one step increases to 35 MW. The overall load

restoration process ends after 195 minutes.

7.4. Simulation Time

Since the voltage and frequency constraints are verified by time-domian sim-
ulations by using Digsilent PowerFactory 14.0, the simulation time of proposed
algorithm depends on the size of network. Fig. [§ shows the simlation time
(one load pickup event) for the IEEE standard network with 9, 14, 39 nodes.
The simlation time has the almost quadratic relationship with size of network.
However, the large scale network will be partitioned into several subsystems to
conduct the network restoration operation. In order to get acceptable simulation

time, the size of subsystem should be limited.

7.5. Results Comparision

In [37], firefly optimization algorithm (FA) is implemented to calculate the
optimal load restoration sequence by considering the renewable energy sources
(RES). The difference points between [37] and the proposed three-stage load
restoration algorithm are listed in Tab.

Fig.[0shows the comparison results between proposed three-stage load restora-
tion algorithm and load restoration algorithm in [37]. The proposed algorithm

calculates the L™ and L,; according to the power system status and forecasting
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Table 6: Load Restoration Procedure in Second Stage

Time Energized | Restored | Total Restored Goal Forecasted L L,
(Min) | Substations Load Load (MW) | Substation | Wind (MW) | (MW) | (MW)
30-35 1 None 76 29 None 474 22.6
35-40 2 L17 85.6 29 None 36.84 | 23.56
40-45 25 L19,1.20 96.2 29 None 25.18 | 24.62
45-50 26 None 96.2 29 None 25.18 | 24.62
50-55 29 None 96.2 10 None 25.18 | 24.62
Generator 9 receives cranking power from grid
55-60 11 None 96.2 10 None 25.18 | 24.62
60-65 10 None 96.2 16 None 25.18 | 24.62
Generator 3 receives cranking power from grid
65-70 27 L28 114.2 16 None 5.38 26.4
70-75 17 None 114.2 16 None 5.38 26.4
Generator 3 begins to inject power into grid
75-80 16 L42 130.7 4 20 8.23 28.07
80-85 5 L58 138.93 4 20 0.27 28.89
85-90 4 None 138.1 12 22 0 28.81
90-95 12 None 137.9 23 26 0 28.79
95-100 21 None 138.05 23 23 0 28.8
100-105 22 None 138.93 23 20 0.27 28.89
105-110 23 None 138 18 24 0 28.8
110-115 3 None 137.8 18 28 0 28.7
Generator 2 begins to inject power into grid
L6,L8 33
115-120 18 169.8 19 304.57 | 116.98
L31,L57
L49,1.33 43
120-125 19 201.8 24 269.82 | 120.18
L18,L.7
125-130 24 L14,1.15 235.8 28 39 231.67 | 123.5
130-135 28 L34, L47 270.8 14 43 192.97 | 127.08
135-140 14 L43,L60 306.6 15 47 153.45 | 130.6
140-145 15 L16,L12 | 28 3426 20 50 113.64 | 132.2
145-150 20 L52,L.48 378.4 13 46 74.46 | 137.84
150-155 13 L53,L32 414.1 None 48 35.1 141.1

Generator 9 begins to inject power into grid




Table 7: Load Restoration Procedure in Third Stage

Time Restored Total Restored
(Min) Load Load (MW)
155-160 | L45,L46,L59,L37 452.1
160-165 L2,1.9,L44,1.51 493.1
165-170 | L21, L22,1.29,1.30 532.7
170-175 | L25,L26,L36,L38 571.3
175-180 | L5,L39,L40,L41 611.1
180-185 | L11, L23,L.24,L50 650.8
185-190 L13,L27,L35 688.1

Table 8: Difference Points between algorithm in [37] and Proposed Three-Stage Algorithm

Algorithm in [37]

Three-Stage Algorithm

RES in RES begin to start RES contribute to power system

Restoration | when the whole power | restoration at the beginning of

Process system is completely the power system restoration
reconstructed. procedure by calculating PV and P,

Restoration | The shortest Not only shortest path

Path path is selected. but also the node importance

Selection degree,high priority load size are

considered by using FDM-AHP algorithm.
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wind power. In this way, RES can contribute to the load restoration eariler

than the algorithm in [37].
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Figure 9: Comparison Results between Proposed Three-Stage Load Restoration Algorithm
and Load Restoration Algorithm in [37]

8. Conclusion

This paper proposes a three-stage power system restoration methodology

considering renewable energy. In each load restoration stage, the goal and tasks
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are defined according to power system status. Moreover, a load restoration
methodology in each stage is proposed to achieve goal functions. The proposed
algorithm can help network operators to establish a load restoration plan and
make better decision during the load restoration process.

Outlook: In this paper, the maximal load increment in one step does not
exceed 5% rated capacity of online generators. However in some cases, this value
of maximal load increment is not optimal. In future work, the optimal value
of maximal load increment should be determined by considering the load type,
network topology, control system of online generators, etc. In each load restora-
tion step, the maximal load increment is also different and can be determined

by transient simulation.
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