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ABSTRACT

The imbalance of power between generation power and load consumption causes a
decline in the frequency of the power system. The frequency deviation depends on the power
of generator outage and the operating status of the system. The monitoring and control
system of the power system will immediately implement the control solutions to restore the
frequency back to the allowed value. Among these solutions, it is necessary to mobilize the
reserve power of the remaining generator turbines to restore the system frequency. This
article proposed a method for calculating the amount of load shedding considering the
primary control of generator in a power system. The proposed method calculates the amount
of load shedding to recover frequency to allowed value when the lack of generation source
due to outage generator leads to overload in an electric power system. The effect of the
proposed solution which was tested on a diagram of the electric power system standard IEEE
37 bus 9 generators proved the effectiveness of the proposed method.

Keywords: load shedding; minimal load shedding; generator outage; primary control;
frequency stability.
TOM TAT

Vige mat can bang cong sudt tac dung giza may phat va phuy tai tiéu thu gay ra su suy
giam’ Vé tan so trong hé théng dién. Gia trj tan so suy giam phy thugc vao cong suat may phat
sir C6 VA tinh trgng van hanh cia hé thong dién. Hé thong gidm sdt va diéu khién hé thong
dién sé thuc hién ngay cac bién phdp diéu khién dé phuc héi tan sé vé gia tri dinh mitc cho
phép. Trong dé phdi ké dén 1a viéc huy dong luwong cdng sudt du phong ciia cac turbine may
phéat con lai nham khoi phuc tan sé hé théng. Bai bao nay dé xudt phwong phadp tinh todn
lirong cONng suat sa thdi phuy tai can thiér co xét deén yéu to dieu khién so cap cua t6 may phat
dién trong hé théng dién. Phuong phdp dé Xudt tinh todn lwong cong sudt sa thai phy tdai dam
bao khdi phuc tan so vé pham vi cho phép khi c6 si thiéu hut cong suat nguon phét do si co
may phéat hodc tdang tdi dan dén qua tdi trong hé théng dién. Hiéu qud cia phirong phdp dé
xuat dwoc thir nghiém trén so do hé théng dién chudn IEEE 37 bus 9 may phat da ching minh
hiéu qud ciia phirong phép d@é xudt.
Tir khoa: Sa thdi phu tdi; ti wu héa sa thdi phu tdi; sy cé may phat; diéu khién so cdp; on
dinh tan so.

1 INTRODUCTION su_ddenly incree_lsed load in a_power system
will cause seriously decreasing frequency.

Incidents in an electric power system are  Finding the amount of optimizing load
usually momentary incidents. However; there  shedding is more concern than the others
are big incidents like outage a generator, or |oad shedding methods. The old load
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shedding models have not mentioned
spinning  reserve  capacity in  each
generator. Most of traditional load
shedding solutions based on decreasing
frequency. The load  shedding method
by Under Frequency Load Shedding (UFLS)
relay, or Under Voltage Load Shedding relay
is the solution which is used for recovery
frequency control, voltage stability of the
grid. When frequency and voltage are under
of working threshold which IS
installed, Under Frequency or Under Voltage
Load Shedding relays will transmit the signal
cut each fixed load in predefined steps, so it
helps to prevent decreased frequency/voltage
and their effects. Under Frequency Load
Shedding is applied by operating electric
power system company: Florida Reliability
Coordinating Council (FRCC) [1], Electric
Reliability Council of Texas [2], Electric
Power System Vietnam [3]. In Viet Nam,
most load shedding methods by frequency
are used relay 81.When the frequency
decreases to the receive points, it is definitely
determined by the percentage of total load
shedding power. In addition, adaptive load
shedding methods use swing rotor equation
to estimate the power required to shed. The
power imbalance in the system is determined
by the equation (1) [4]:

2H Of

AP:T'E:Pm_Pe (1)
Where, AP is the amount of power imbalance;
H is the inertia constant, f. rated frequency

(Hz), df/dt: the change of frequency (Hz/s).

When the system disturbs causing
changes in frequency as well as the speed of
frequency’s change (Rate Of Change Of
Frequency). By applying the wvalues in
equation (1), the power imbalance can be
estimated. After estimating the amount of
power imbalance, the amount of power
required to shed is made to stabilize the
electrical system.

Recently, Intelligent Load Shedding
Methods-ILS  was proposed by the
researchers. The main components of this
technique are: knowledge base, incident list

and intelligent load shedding calculation
tools. These techniques include artificial
neural networks (ANNs) [5-6], adaptive
neural-fuzzy systems (ANFIS) [7], fuzzy
logic control (FLC) [8], genetic algorithms
(GA) [9] and particle swarm optimization
algorithm (PSO) [10]. These techniques can
easily solve nonlinear, multi-objective
problems in electrical systems that normally
cannot be solved by conventional methods
with the desired speed and accuracy.

A reasonable load shedding solution is
shed a minimum load capacity as soon as
possible and at the same time satisfy all the
constraints required to maintain the system
frequency stability. This paper presents the
method of calculating the minimum load
shedding to maintain the electrical system
frequency within the allowable value.

2. MATERIAL AND METHODOLOGY

Primary frequency control is the
instantaneous adjustment process which
performed by a large number of a governor
units that adjusts the active power according
to frequency variation [11].

In case the generator unit is not equipped
with  governor, the power generation
characteristic is shown in Figure 1.

P

N

Figure 1. The power generation
characteristics of generator units do not have
governors [12].

In case the generator unit is equipped
with  governor, the power generation
characteristic is shown in Figure 2.

Pn

F t

Figure 2. The power generation characteristics
of generator units have governors [12].
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The change characteristic of turbine
power according to the change of frequency
is shown in Figure 3. In steady state,
balanced operation, the intersection of the
power generation characteristic (1) with the
frequency characteristic of the load P
determines the frequency fo. Assume that it is
a standard frequency, 50 Hz or 60 Hz.

In case of the load increased AP,
respectively, the new load characteristic line
iIs Pt + AP. The new frequency f; is the
intersection of the power generation
characteristic (1) with the new characteristic
of the load. In this case f1 <f0, the governor
cannot prevent the frequency reduction.
However, because the generators have the
governor, the limited the large deviation of
the frequency. Compared to the case where
the generator does not have a governor
(characteristic (2)), the intersection with the
new characteristic of load P+AP will
determine the frequency f1°, then f,' <f;.

4
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Pt+AP

Pn

" Pt

~ )

(1)
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Figure 3. The comparison of turbine power
change characteristics according to the
change of frequency of the generator unit
with the governor (1) and without the
governor (2) [12].

Thus, the governor of the generator unit
has the effect of adjusting the frequency and
is called the primary frequency regulator.
This process is called the primary control of
generator. The efficiency of the primary
frequency adjustment depends on the slope
characteristic of the unit generator.

3. THE PROPOSED LOAD
SHEDDING METHOD

In steady-state mode, the relationship
between frequency and the output
mechanical power of the generator’s turbine
are determined by the equation [13]:

1
Apm = APres — R xAf 2)

Frequency
{per unit)

Ap. set to give
f = 1.0 per unit
at g, = 1.0 per unit

Af

Slope = —R = ap. " —0.04 per unit

Turbine mechanical
power output
{per unit)

Ap.. set 10 give
f = 1.0 per unit at
Pm = 0.50 per unit

0.97

Figure 4. Steady-state frequency—power
relation for a turbine-governor [13]

Where Af is the change in frequency (Hz);
Ap,, is the total change in turbine output
mechanical power (MW); A4p,.r is the
change in installed reference power

In Figure 4, the adjusting constant R
(Hz/MW) in Equation (2) is negative with
respect to the slope of the curve Af and
Ap,, , all parameters are in terms of per unit.

Frequency-to-power relation in steady-
state mode in each region of the
interconnected power system can be
determined by estimation via equation (5)
[13].

Apm = APpma + Apmz + APz + APmn

= (Aprefl + Aprefz + o+ Aprefn) -

1 1 1
(R_1+R_2+ +E)Af

=A _i+i+...+iA 3

- pref (R1 R, Rn) f ( )
From there, put: B= (—+—+—+—+

Ri Rz Rz Ry

) (4)

Where: B is frequency response characteristic
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Replace equation (3) by equation (4):
Apy, = Apref — BAf 5)

Equation (5) [13] is the frequency-to-
power relationship in steady-state mode of
multiple generators.

Ignore the power losses and the
dependence of load on frequency in steady-
state mode when the total output mechanical
power of the turbine is equal to the increase
of the load capacity, apply equation (5) with

Apref = 0.
Af = ~() dpm (6)

Equation (6) [13] calculates the
frequency reduction in steady state mode
when a generator outage, which results in
generation-load demand imbalance. When
any generator in the electrical system opens,
the Governor controller will automatically
"increase” the mechanical power to
compensate for the power shortage. This
increase power process is called the primary
control power of each generator. This
increasing power value of each generator
depends on the R factor. In Equation (6), the
change in capacity has taken into account the
capacity of the remaining generators
increased due to the response of the

governor.
In the 60 Hz power system, the
permitted frequency reduction is 0.3Hz

(Afep = —0.3 Hz). Therefore, in the per unit

system (pu), the Af;, is% (pu).

Thus, from formula (6), the relationship
between the allowed frequency reduction and

the minimum amount of load shedding P
is calculated as follows:

Afep = (=3) (Apm — PET) (7)

From the formula, the minimum amount
of load shedding inferred:

P = Apm — (Afep X B) (8)
is the allowed frequency

Where:  Af,,
reduction (pu); PAFT is the amount of load

required to shedding (pu); 4p,, is the change
mechanical power of the turbine (pu).

The proposed algorithm calculates the
required load shedding capacity

Step 1: Determine the generator outage via
the SCADA system.

Step 2: Calculate the frequency reduction of
the system when there is an imbalance of
generation-load demand, applying the
equation (6).

Step 3: Compare the frequency reduction
calculated in step 2 with the permitted
frequency reduction.

If | Af | <Afp, no load shedding.
If|Af | >Af.p, go to step 4.

Step 4: Calculate the amount of load
shedding, apply equation (8):

PLO.S‘PT = Apy — (Afcp X ﬁ) (8)

Step 5: Distribute the amount of load
shedding at the load nodes using the
equation:

APys, =L (9)

Where: % is the change in frequency at

load nodes as soon as the transmitter fails
during the transition period.

4. PROPOSED METHOD TESTED ON
A STANDARD ELECTRICAL
SYSTEM MODEL

The proposed load shedding algorithm is
tested on the IEEE 37 bus 9 generators. The
electrical diagram is presented in Figure 6
and the PowerWorld software is used.
Calculation and simulation are performed
according to the flowchart shown in Figure 5.

In the simulation process, the frequency
of the system is tested and evaluated in the
case of a generator outage. Moreover, the
frequency after the load shedding by
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applying the proposed equation in section 3
is also considered.

Before the simulation, the standard
parameters of the IEEE 37 bus 9 generators
system are installed. The voltage adjustment
system, the exciter adjustment system, the
frequency adjustment system, the optimal
power flow is enabled. The value of the
adjustment factor R = 0.05 pu. The generator
model uses the GENCLS model. The exciter
uses the IEEET1 model. The governor uses
the TGVO1 model [13].

Begin

\ 4

Collect data via SCADA system

v

\ 4

Figure 6. The IEEE 37 bus 9 generators
diagram.

Case study, when the system suddenly
opens a generator (e.g. PEAR138 =
140MW). Immediately, the governors of the
other  generators will increase their
mechanical power based on the principle of
adjusting the generator's primary frequency.

Apply the expression (4) to calculate the
frequency response characteristic 3:

1 1 1
: B = + +
Identify the generator outage Ripunew Rzpunew Rapunew
+ ! + !
A R4p.u.new RSp.u.new
. 1 1
Calculate frequency reduction Af + +
apply equation (9) R6p.111..new R7punew
+——=2134p.u
R9p.u.new
No
Table 1. Generators and governors’ parameters
o=
gl < | 82 > 5
o8| B 22 S 5
o |= 5 = 2 3
Yes o r_:l; 5 % f; g5 2 ST
L. @ L | >o 2 ,1% g %) g
Calculate the minimum amount of load g |<¢ 3 23 5|8
shedding PAFT uses equation(8) 2 3 29 52
Ry
\ 4 g
©
Distribute the amount of load shedding 14 S 40 | TGOVL | 1001 1005 | 0.125
uses equation (9) S
m
v 28 | £ | 180 | TGOV1L 150 | 0.05 | 0.0278
N
End =
m
28 g 180 | TGOV1 150 0.05 | 0.0278
&
Figure 5. Flowchart of the proposed 2
algorithm for calculating load shedding 31 <§ 250 | TGovi | 889 | 005 | 0.02
w
S
o1
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Y
m
44| 8 | 160 | TOVL | 15055 | 0.05 | 0.03125
>
©
(@)
m
48| B | 57 | TGOVL | 1601 | 005 | 0.088
3
O
@
Py
50 | Q | 8 | TGOV | 3806 | 0.05 | 0.059
[o2]
©
U
m
53 | % | 150 | TGOV1 | 140.19 | 0.05 | 0.033
8
m
54 | 2 | 115 | TGOV1 | 7529 | 0.05 | 0.043
(2]
©

Apply the formula (6) to calculate the
frequency when the PEAR138 generator is
disconnected:

=~ (5)avn =~ (573) 14
f==\z)4m="\2132) "
=—-656%x10"3p.u
= —6.56 x 1073 x 60
= —0.39 Hz

When the stabilization mode is reached,
the frequency decreases by 0.39 Hz and the
frequency value is:

frew = 60-0.39=59.61 Hz

The result of the frequency simulation of
the system in the case of PERAR generator
138 outage is shown in Figure 7.

80

59.95

596
&

s95] |

sss] | /
aef |

Frequency (Hz)

5 10 15 0 % 40 4 50

“ Secésnd(s)
Figure 7. Frequency of system when PEAR
138 generator outages

Observing the frequency in Figure 7
shows that after the loss of the PEAR 138
generator, the remaining generators increase
their mechanical power according to the
generator's primary control principle. After
the generators have automatically increased
their power up, the stable frequency is 59.61
Hz. Thus, this value is less than the allowable
frequency. Therefore, it is required to load
shedding to recover the frequency of allowed
value.

The amount of load shedding needed to
restore the frequency to the permitted value
is given by the formula (8):

PI?S‘PT = APpech — (Afcp X ﬁ)
0.3
=14-— (% * 213.4)
= 0.0333 p.u =333 MW

Apply the formula (9) distributes amount
of load shedding at load nodes according to
the proposed formula:

i
APy, = 4r— )
dt

The results of the calculation of the load
shedding at the load bus are presented in
Table 2.

After calculating the amount of power
distributed at the load nodes, it is simulating
the load on the PowerWorld software to
perform the load shedding in the proposed
method. The frequency plot after performing
the load shedding according to the proposed
method is shown in Figure 8.

Table 2. Distribution load shedding at load

bus
(o)) D (o2}
® 2 8:3 o |l o | 3 8 3 |
e ‘—| © © Z (O]
@© T 5 u X = 8 < P
< < | O o a Q| w | ¥
= g1/ 5 3| g|X|, |0
28|88 |8 g3|2|2|2
o m m

114 11.16|1.26{1.2411.41(0.92|1.71|1.60

Load shedding
(MW)
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Figure 8 shows the recovery frequency
at steady state of 59.7 Hz, which is within the
allowable range and fits the calculated result.

60 '_\
59,95

Frequency (Hz)
&

8 10 12
Second (s)

Figure 8. Frequency of the system after
applying the proposed load shedding algorithm
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Figure 9. Mechanical power of generators
after applying the proposed method

To demonstrate the effectiveness of the
proposed method, we simulate to compare
with conventional load shedding using under
frequency relay [1]. When the frequency
decreases below the allowable threshold, the
UFLS relay will be cut at a percentage of
pre-defined load. The value of cut loads is

shown in Table 3.

Table 3. Load shedding based on UFLS relay

of FRCC step by step [1]

Amount
Threshold Time of load Cumulative
UFLS load
Steps | shedding delay | (percent | Amount of
(H2) (s) of total Load (%0)
load) (%0)
1 59.7 0.28 9 9
2 59.4 0.28 7 16
3 59.1 0.28 7 23
4 58.8 0.28 6 29
5 58.5 0.28 5 34
6 58.2 0.28 7 41
7 59.4 10 5 46
8 59.7 12 5 51
9 59.1 8 5 56
The results in ccomparison of the

proposed method with the traditional method
using under the frequency load shedding
relay is showed in Table 4.
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Table 4. The comparison of the load
shedding methods

A mount

Values of load Recovery | Frequenc

Methods shedding time (s) y (Hz)
(MW)

Load shedding
method based on 77,87 4,933 59,836
UFLS relay
Proposed  load
shedding method 333 10,608 597

At Table 4, the proposed shedding
method has less amount of load shedding
than UFLS relay. Specifically, in case of
testing is the outage PEAR138 generator, the
amount of load shedding was reduced by
57.2% compared to the load shedding based
on UFLS relay. It can be seen that traditional
method has a fixed amount of load shedding,
which causes over load shedding. Because of
the lower load shedding capacity and the
process of mobilizing reserve capacity of the
generators, the recovery frequency of the
proposed method is lower and the recovery
time is longer than the traditional method.

However, although the proposed method has
a lower recovery frequency, longer recovery
time after load shedding, the amount of load
shedding is less than traditional method.
After load shedding, the frequency restored
to the allowable value and the power system
remains the stability, therefore it helps
minimizing the amount of load that is cut
very much. This helps to reduce the
economic damage caused by load shedding.

5. CONCLUSION

The paper proposed a method for
determining minimum load shedding in the
case of disturbance of the generator causing
power imbalance in the electrical system in
order to recover the allowable frequency. The
results of the performance testing of the
proposed load shedding method for the IEEE
37 bus 9 generators system showed that the
load shedding was less than the traditional
method.
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