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A New Method for Load Steps Calculation

During
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load pick up during power system restoration is the selection
pecially in the initial phase of restoration.
f the load that can be safely picked up and the effectiveness of
oad pick up in small increments tends to prolong the restoration
With large increment, there is always the risk of falling into a frequency decline

Operators are often

In this paper, a novel method for dynamic

The proposed method considers the dynamics of
as well as their limitations and uses a suitable form for frequency
[t could be used to assist the operator in the on-line selection of suitable load
the minimal frequency for a given load step.
New England test system, verify the effectiveness of the proposed

Simulation tests,

e Sectionalisation of the power system into islands,
e Restoration of each island,

e Synchronisation of islands.

The idea behind the proposed strategy is that
simultaneous restoration will result in speedy restora-
tion.

In a typical restoration procedure in each island,
the stages of the restoration process are summarized
as follows [4-6]: In the first stage, the system status is
assessed, initial cranking sources are identified and crit-
ical loads are located. In the second stage, restoration
paths are identified and the system is energised. These
islands are then interconnected to provide a more stable
system. In the final stage, the bulk of unserved loads
is restored.

This paper concentrates on the initial stages of
restoration, where operators are often searching for the
size of the load, which can be safely picked up, and
the effectiveness of the generation reserve [2,7,8]. Load
pick up in small increments prolongs the restoration
duration. Should an attempt be made to pick up a
larger load block than can be accommodated by the
response capability of the generators on line, the block
of load already restored, which is subject to under-
frequency load shedding, will be lost. If the frequency
swing is severe, one or more generators may trip,
precipitating another shutdown {2,7,9]. Hence, it is
desirable to determine the magnitude of the load blocks
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which can be restored as a guideline for operators. In
previous works [7,8,10], the dynamics of loads and the
limitations of the prime mover are not considered, thus
the evaluation of frequency behavior is not complete
and exact, especially for calculation of the minimum
frequency point during load pick up. Operation of un-
der frequency load shedding relays and the generators
protective relays depend on the minimum frequency
point. In this paper, a new method for calculation of
load steps is presented, which determines the maximum
load pick up within the allowable system frequency
dip for each bus and each stage of load restoration.
This method considers the dynamics of the frequency
response of the prime mover and load. Also, a suitable
form is used for the behavior of frequency during
load reconnection, which transforms the differential
equations of the system into algebraic equations to
find the minimum frequency. The proposed method
is suitable for the on-line guiding of the operator in
selecting load steps.

To evaluate long-term stability and to analyze fre-
quency behavior, especially during restoration of cus-
tomer loads, a simulation program is needed {1,2,11].
In order to make the Long-Term Dynamics (LTD)
simulation, a dynamic load flow is used with suitable
models for power plants, loads and relays.

The organisation of the paper is as follows. The
next section describes power system modeling, i.e.,
prime mover, network and load modeling for LTD
simulation. Then, the Dynamic load flow is discussed
and the frequency response of the power system after
load pick up and the proposed calculation algorithms
are presented. Finally, the simulation results, based on
the 39 bus New England test system are provided.

POWER SYSTEM MODELING FOR LTD
SIMULATION

System frequency can exhibit large excursions due
to load pick up. Generators usually have protective
relays or other protections to trip them off-line if
the frequency exceeds 110 percent or drops below 95
percent [5]. While both frequency limits are important,
it is the lower one that causes greater concern [5]. Fre-
quency decline is due to inadequate system respomnse,
following loss of generation or the picking up of a
larger load than can be absorbed by the generators on-
line. When a load is restored or a generator trips, the
magnitude of the frequency excursion is determined by
the response reserve of the power system. This reserve
largely comes from 3 sources: Generation reserve of
prime movers, load shedding and demand relief [12].
Prime movers of generating units will respond to a fall
in frequency by increasing their power output, within a
5 to 10 second interval after the contingency. Customer
loads already restored, that are subject to under-
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frequency load shedding, will be lost if the frequency
swing is severe [5]. The frequency sensitivity of the
system demand can provide substantial amounts of
reserve immediately following a contingency, due to
the nature and characteristics of the load. Thus, to
analyze the frequency behavior during load restoration,
it is essential to model prime movers, protective relays
and the load. Then, the frequency changes will be
calculated using long-term analysis.

LTD analytical studies address system perfor-
mance under large-scale upsets which, invoke the
actions of slow processes, a protective system and
controls not present in conventional transient stability
programs [13]. A typical range of a long-term time
period can exceed several tens of minutes. The LTD
simulation program should include, in addition to the
models used in conventional transient stability simu-
lations, adequate representation of the prime mover
and energy supply systems. It should also include
appropriate models for the wide range of protection
and control systems that are invoked when the system
is in the emergency and extreme states. The choice
of mathematical models for power plant prime movers,
generation control and protection systems, load repre-
sentation, under frequency control and other types of
automation, are discussed in this section.

Prime Mover Modeling

Hydro electric units are simulated using a second order
model that includes the water hammer effect, as well as
transient and steady-state droops and gate rate limit
[14,15]. Combustion turbine units are represented by
governor, governor rate limit, turbine and power limit
models. Dynamic models for steam turbine units,
including turbine boiler and the associated control
systems, are used for simulation [14].

Network Modeling

In long term stability studies, synchronous generators
are modeled using the electromotive force magnitude,
E, behind the transient impedance, X). It is, how-
ever, important to consider their reactive capability
limits {11). The IEEE standard models are used for
excitation systems, which consider saturation, under
and over excitation [16]. Basic protective schemes are
utilized such as: Under voltage load-shedding relay,
under voltage generator protection, turbine under fre-
quency protection, under frequency load-shedding relay
and Volt per Hertz (V/H) protection.

Load Modeling for Restored Loads

The load powers are functions of bus voltage and
frequency. In the LTD simulation program, loads
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are modeled using a static model,

consisting of ZIP

(constant impedance, current and power load model)
terms plus two voltage-frequency dependent terms [17]:

e Active component:

P =P Kp,.(V/Vy)? + Kp:.(V/W) + Kp.

+ Kpi . (V/ Vo))" (1 4+ npsy . Af)

+ kpz.(V/Vo)nP"z.(l +npfo

¢ Reactive component:

AL (1)

Q =QO[qu-(V/VO)2 + KQ%(V/VO) + ch

+ qu.(V/Vo)nq"l (1 + Ngfi-

+ k?qg.(V/V(_))n‘”2 (1 + anz.zﬁf)],

Af)
(2)

where Py and Qg are the initial active and reactive
load powers from the base case power flow.
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Cold Load Pick up Modeling
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.
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where t; is the instant of insertion of the cold load, Ty

is the time interval of the real pows

er linear decay, 7

is the time constant of the reactive exponential decay,
Pinit, Qinse are the peak value at cold load pick up and
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values of the cold
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T, is dependent on the duration of load outage.
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DYNAMIC LOAD FLOW

Dynamic load flow, based on the uniform frequency
power system model, is a special type of power flow.
The main differences between the dynamic and static
load flow are:

1. The active power of slack generator is determined in
dynamic load flow;

2. Transient impedance, Z, is considered as a series
element of an electrical network for all generators;

3. In dynamic load flow, an additional variable is de-
fined, which is named acceleration power and shows
a mismatch between generation and consumption.

Acceleration power determines the system frequency,
according to the swing equation.

For the LTD simulation, in each time step, the
electromotive force magnitude, E, behind the transient
impedance, X, as well as the mechanical power,
Py are given for generation buses. Py and E are
determined from the differential equation describing
the transient processes in prime movers and generators,
which take into account variable limits and possible
control actions.

LOAD STEP CALCULATION

The minimum frequency, after load pick up, determines
the activation of under frequency load shedding relays
and generators protective relays. Thus, it is an impor-
tant calculation of minimal frequency, as a dynamic
constraint during load pick up. In this section, the
approach for finding minimum frequency after load
reconnection is presented. Then, a load step calculation
algorithm is denoted.

After load pick up, power consumption increases
and system frequency decreases. A swing equation
for the power system, based on a uniform frequency,
determines the frequency variation [19]:

Poe = 2Hsys.w.(i—":, (5)
where:
ng nl
Pace=» Pyi— > Pii— Pioss, (8)
i=1 i=1
Py = Pyo,i + Pyou,i, (7)
Pi=Po:+ AP, (8)

H,y, is the total inertia constant of the power system,
Pyo,i the active power generation of ¢th unit, before
load pick up, Pyov: the increment of active power
generation of the ith unit after load pick up, due to
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its governor response, Py ; the load power of bus no. 4
before load pick up, AP, ; the load power that is picked
up at ith bus and P, is the active power loss of the
electrical network.

Equation 5 shows the frequency response of the
system after load pick up. Experience shows that
system frequency changes after switching a load has
a quadratic form, in terms of time, until the minimum
point (Figure 1):

w—wo=at?+bt, 0<t<tmin, (9)

where wy is the initial frequency of the power system,
Wmin 18 the minimum frequency of the system after
load pick up, fmin is the time to reach the minimum
frequency.

With this assumption, the minimum frequency
point can be calculated with no need to solve the
differential equations of the system and, hence, speed
of calculation increases significantly. In the minimum
frequency point, it is shown that:

dw
= Wmin, T = u. 1
w g 0 (10)

(t:tmin)

w(t = tmin)

According to Equations 9 and 10, it can be written:

b = 2Wmin—wo) B
b 4(Wmin — wo) (11)

From Equation 9, at initial time, it is concluded that:

dw
= =b. (12)

t=0+

By substituting the above equation in Equations 5 to
8, b is calculated as follows:

= O N

i=1

- A-PIO (WO) - Boss(wo)) . (13)
B
w — wy _a.t2+bt
TN
Ymin ’

tmin Time

Figure 1. Quadratic form of frequency change.
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Load pick up value at the minimum frequency point
can be expressed as:

ZP901+ZPgovl

API K wmm

nl
- ZHO,i - Ploss~ (14)

In the Appendix, using Equations 9 and 11, Py,
is expressed in terms of b and wni, at the minimum
frequency point. Equation 14 results from Equation 5,
at the minimum frequency point, only for load pick up
in the ith bus. Assuming steady-state, w, before load
pick up and using Equations 6 and 13, yields:

ZPgOz ZPZO 1(""}0 (15)
1

b= mo[“ﬁﬂo(wo)]- (16)

-Ploss wO

In Equation 14, P, is needed for wm;,, however with
a good approximation, it can be calculated by wp in
Equation 15, because the effect of frequency changes
in the power loss of the electrical network can be
neglected. Thus, Equation 14 can be written as follows:

AH 1(wmm) - Z Pgov 1 Z }:)ZO 1(wm1n

=1

nl
+ ZPZO,i(WO)~ (17)
=1

There are two expressions for the value of the picked up
load at the minimum point, that depend on the relation
between T, and tnmin. Using Equation 3, the change in
the system load, after load pick up, can be expressed
as:

A}Dl,i (wmin) =

Py (k + ——P—:W), tmin < Ty (18a)
Pf‘in) tmin > Td (18b)

where k; is the ratio of initial to final active power of
the load.

There are two problems during load pick up:
(a) Calculation of the maximum load pick up for a given
frequency decline, (b) Computation of the minimum
frequency for picking up an estimated low voltage AC
network load. For finding a solution to these problems,
Equation 17 is used in an iterative algorithm. This
equation contains 4 terms: The value of cold load at
minimum frequency (Equation 18a or 18b), governor
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system response for all generators

(Appendix) and

the values of restored loads at minimum and initial

frequency (Equation 1).
Figure 2 shows a flow chart of

the algorithm for

case (a), which has two sections. The initial assump-

tion is that £, is smaller than T, T
is used for the value of cold load in K
finding the load step and calculatin
greater than Ty, then Equation 18b is
of cold load in Equation 17.

The initial guess value for Py,
follows:

PO = Lmin_
d Zi:gl R;

where R; is the permanent droop co¢
unit.

A similar iterative algorithm ig
tion of minimum frequency for a give
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the 39-bus New England system (F
results are compared with LTD simul
system includes 39 buses, 10 generato

hen, Equation 18a
quation 17. After
g tminy if tmin is
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. is calculated as

(19)

»flicient of the ¢th

used for calcula-
n load step.

DISCUSSION
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um frequency for
igure 3) and the
ation results. The
rs, 35 lines and 12

transformers and is divided into 2 subsystems (islands)
for simultaneous restoration. The finst island includes

generators in buses 30, 33, 34, 35, 3
second island includes generators in
Lines between buses 1 and 39, 3 and
out of service and divide the system

Minimum Frequency Calculation

In this case, the load step is selec
per unit and minimum frequency is
proposed method in each island.
Table 1 shows the results of
simulation, where buses are selected
restoration scenario for this system

6, 37, 38 and the
buses 31, 32, 39.
4,15 and 16, are
into 2 islands.

ted equal to one
calculated by the

calculations and
according to the
The third and

fourth columns of this table, respectively, show mini-

mum frequency calculation and LTD

simulation results

show minimum frequency for the load step equal to one

(p.u) at each load bus.
The Error (%) in Table 1 is cal

* * %k

Wenin — Wins

min min o 100’
*x
min

Error(%) =

*
min

where w

ulated as follows:

(20)

. .
and w’* are minimum frequency that have

been calculated by the proposed method and LTD

simulation, respectively.

A. Ketabi, A.M. Ranjbar and R. Feuillet

Get load flow data
before load pick up

Calculation of Ty

Calculation of initial guess value for Ps;p
(Pf‘?i) and setting N = 0

Computation of »(N) using 1\1[V+_1
Equation 16

-

( Calculation of P(ff:fl) using ]

Equations 17 and 18a

~
Calculation of initial guess value for Pf;pn
(P;?T)l) and setting N = 0

.

Computation of b(N)using
Equation 16

3
Calculation of P}f\;‘"l) using ’1

Equations 17 and 18b

I

No
N+1 N
'P;in+ ) - P}tn)l <e
o] Yes
Stop

Figure 2. Flow chart of load step calculation.

Load Step Calculation

In practice, for calculation of load steps, the mini-
mum allowable frequency is selected according to the
characteristics of the power system (inertia constant of
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Figure 3. One line diagram of 39-bus New England test system.

generators, settings of under frequency load shedding
relays and generators protective relays,...). Minimum
frequency is selected equal to 59.64 Hz (or -0.6%)
for the 39-bus test system and then the load step is
calculated for a number of load buses during system
restoration. Table 2 shows the results of load step
calculation by the proposed method and the results of
minimum frequency from LTD simulation for these load
steps. Figure 4 shows the frequency response of the
system after load pick up in load bus no. 39 at t = 13

(sec). This figure confirms the assumption of quadratic
form for frequency change until the minimum frequency
point.

The results of these cases and other test cases
show the effectiveness and accuracy of the proposed
method.

In practice, in the control center, the SCADA/
EMS provides data of the current network topology
and in the restoration scenario the load which must be
picked up is determined. Then, the calculation algo-

Table 1. Minimum frequency calculation results.

Bus No. | No. of Island wr i, (Hz) wit  (Hz) Error (%)
(The Proposed Method) | (LTD Simulation)
1 59.78 59.77 4.3
2 59.51 59.45 10.9
15 2 59.50 59.45 9.1
18 1 59.78 59.76 8.3
27 1 59.77 59.76 4.2
39 2 59.55 59.50 10.0

* Minimum frequency calculation for load step = 1 p.u

s% LTD simulation results for wy,;, after load pick up with load step = 1 p.u



334 A. Ketabi, A.M. Ranjbar and R. Feuillet
Table 2. Load step calculation results.
Bus No. | Noj| of Island | Load Step* (p.u) | w** (Hz) | Error (%)

3 1 1.5842 59.652 3.3

7 2 0.6530 59.688 13.3

8 2 0.6532 59.688 13.3

15 2 0.6547 59.676 10

18 1 1.5302 59.664 6.6

27 1 1.5037 59.652 3.3

28 1 1.5317 59.664 6.6

39 2 0.7266 59.676 10.0

* Load step calculation for wy;, = 59.64 Hz.
% LTD simulation results for wy,;, after load pick up with the calculated load step.
60 m ——m e mmp e m e e e o unit by predicting the operation of an under-frequency
! | \ load shedding system.
59.94 ! ' ‘
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APPENDIX

For load step calculation, a general model of a turbine
and governor system, as shown in Figure Al, is used.

Rp max
M > ()
Demand Tg.5+1 T:.5+1
error - Pgou
Governor Governor  Turbine
rate
limit

Frequency
error

Figure Al. Governor and turbine model for load step
calculation.
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Using this block diagram, the differential equation
of a governor system can be written as:

2
Pyou + T'.dPgm' + T".d Poou = K(w — wp),
dt dt? (A1)
where:
T'=T,+T,, T'=T.T,, K= —%.
(A2)

Substituting Equation 11 in Equation Al at the fre-
quency minimum point, yields:

1

[Kl.eﬁl(wm;n—wo)
(wmin e LU())

Pgov(t = tmin) =

28 25
+ K2_e_bz(wmin_“’0)] + KB.eTl(“"mill_“"O)

+ K4.e%z(“’"“"_‘”°) + K (Wmin — wo)

K.b? , ,
— Y (T -T? A3
+ 2(Wmin - w(]) (T )’ ( )
where:
T" —-T'*).8y — T
K, = Kb2.( ,
' 2(51 — S2)
T - T'%).8, - T
Ky = —Kb2.( ,
2 2(S; — Sy)
T’2.52 +1
K3 = -Kb . ————
3 Sl — SQ s
7.5 +1
=-Kb—— A4
Ki= ~Kb 5 (A4)
VT2 —4T" - T
S1= ST ,
VT? —4T" + T’
S =— T . (A5)
If governor reaches its rate limit, then:
Pgov (t = tmin) = Rp max -tmin
= Rpmang‘*ﬂ‘l_)__woz. (A6)





