lem Solving Session



Content

There will be 5 problems.

Problem 1-4 use the same system but utilize different methods to
compare the process and results.

Problem 5 is for better understanding the concepts of frequency.



Problem 1

There are four generators. Each generator either has full capacity of 50
MW or 0 MW when failed. The failure rate of each generator is 0.1/day
and mean repair time is 24 hours.

The daily load cycle:

Hours Load (MW)
1- 4 45
4- 8 105

8- 12 155 |
12- 16 105
16- 24 45
Load
Question:

Build generation system model with unit addition algorithm.



Problem 1

For a single generator

A=0.1/day,u=1/day

_ou 10
Pu = T 11
a1
Pd = ™ 11
Au 1
fc /day

T A+pu 11



Problem 1

Try to build generation system model using unit addition method.

We start with O generator scenario

P(Cap out > X) | F(Cap out > X)
0 0 1 0

The next step is to add one generator, assume increment=50MW

COF =2

UP DN
Cap out=0 Cap out=50
0 50

P(Cap out = 0) = P;p, + Pipg =P; =1
F(Capout 20) =F,p, + Fipg =F, =0



Cap out | Capacity ' P(Cp out| F(Cap out
> X) > X)
Problem 1

0 0 1 0
< (=)
UpP DN
Cap out=0 Cap out=50
0 —|:> 50 t
1

P(Cap out = 50) = Pipg = pg = T

1
F(Cap out = 50) = Fypg + fcP1 = f¢ = 11 /day
Thus with one unit added to the system, we have

P(Cap out > X) | F(Cap out > X)
0 50 1 0

50 0 1 1

11 11




Cap out Capacity P(Cap out F(Cap out
> X) > X)

Problem 1 ° : : ,

11 11

Then the next step is to add 2"d generator into the system

¥ =2

UP DN
Cap out=0 Cap out=50
0 50
50 100

Similarly, we have
P(Cap out >0) =P;p, + Pijp; =P; =1
F(Capout 20) = F,p, + Fipg =F, =0

P(C t >50) =P,p, +P —10+1_21
ap out = = 2Pu T F1Pa = 57 11_12%0 0
F(Capout>50)—szu+F1Pd+fG(P1_P2)_E-I_O-I_m
20
= —— /day

121



Cap out Capacity P(Cap out F(Cap out
> X) > X)

(U

50 0 1

Problem 1

Then the next step is to add 2"d generator into the system

% (2
UpP DN
Cap out=0 Cap out=50

0 50

50 —|:> 100 t
New cap out is 100MW
P(Cap out = 100) = P,py =

1
121

1 1 2
> — — =
F(Cap out = 100) = Fop, + f P> 121+121 121/day




Problem 1

Then we could summarize the 2 generator system into a new table

P(Cap out > X) | F(Cap out > X)
0 100 1 0

50 50 21 20
121 121

100 0) 1 2
121 121

Then the next step is to add 3" generator into the system

CF =2

uUpP DN
Cap out=0 Cap out=50
0 50
50 100

100 150



P(Cap out > X) | F(capout>x) |
0 100 1

Problem 1 i ° z

100 0 1
121

Then the next step is to add 3" generator into the system

¥ =2

UP DN
Cap out=0 Cap out=50
0 50
50 100
100 150

Similarly, we have
P(Cap out >0) =P;p, + Pijp; =P; =1
F(Cap out >0) =F;p, + Fip; =F, =0
210 1 331

1331 " 11 1331
200

P(Cap out = 50) = P,p, + Pypy =

0

20
121
2
121

100

> = — ) =007 1331
F(Cap out = 50) = Fpy, + Fipg + fc(P1 — P,) 1331+0+1331

_300
= 1331 /4@y



P(Cap out > X) | F(Capout>X) |
0 100 1 0
50 50 21 20
Problem 1

100 0 Y 2
121 121

Then the next step is to add 3" generator into the system

% (2
UpP DN
Cap out=0 Cap out=50

0 50
50 | ﬂ: 100 t
100 150

Similarly, we have

10 21 31

P(Cap out = 100) = Pspu + P2Pa = T337 7337 = 1337

20 20 20

> - - -
F(Cap out = 100) = F3p, + Fypg + fc (P, — P3) 1331 ' 1331 T 1331

_60
= 133179




P(Cap out > X) | F(Capout>X) |
0 100 1 0
50 50 21 20
Problem 1

100 0 Y 2
121 121

Then the next step is to add 3" generator into the system

¥ =2

UpP DN
Cap out=0 Cap out=50
0 50

50 100
100 —|:> 150 t
New cap out is 150MW
1

P(Cap out = 150) = P3p,y = 1331

. 1 3
1331 1331 1331

F(Cap out = 150) = F3p,; + foP; = /day



Problem 1

Then we could summarize the 3 generator system into a new table

P(Cap out > X) | F(Cap out > X)
0 150 1 0

50 100 331 300
1331 1331

100 50 31 60
1331 1331

150 0 1 3

1331 1331



Cap out Capacity P(Cap out F(Cap out .
='¢) > X) 5
0 150 1 0
PrObIerrl 1 50 100 331 300
1331 1331

100 50 31 60
1331 1331

150 0 1 3
1331 1331

Then the last step is to add 4™ generator to the system

¥ =2

UP DN
Cap out=0 Cap out=30
0 50
50 100
100 150
150 200

P(Cap out = 0) = P;p, + Pipg =P; =1
F(Capout 20) =F,p, + Fipg =F, =0



Cap out Capacity P(Cap out F(Cap out
>X) >X)
0 150 1 0
PrObIerr] 1 50 100 331 300
1331 1331

100 50 31 60
1331 1331

150 0 1 3

1331 1331
CO* ()

UpP DN
Cap out=0 Cap out=50
0 50
50 100
100 150
150 200

3310 . 1 4641
14641 11 14641

3000 1000
F(Cap out = 50) = Fop,, + Fipg + fo(P1 — P,) =

14641_F0_F14641
4000
14641

P(Cap out = 50) = P,p, + Pipg =

/day



Cap out Capacity P(Cap out F(Cap out .
> X) > X) |
0 150 1 0
PrObIerrl 1 50 100 331 300
1331 1331

100 50 31 60
1331 1331

150 0 1 3

1331 1331
CO* ()

UpP DN
Cap out=0 Cap out=50
0 50
50 | =|:> 100 t

100 150
150 200

310 331 _ 64
14641 ' 14641 14641

P(Cap out = 100) = P3p,, + P,pg =

600 N 300 N 300
14641 14641 14641

F(Cap out = 100) = F3py + Fopg + f¢(P, — P3) =
_ 1200
= Taga1/ %




Problem 1 . mo

100 50 i
1331

150 0 1

1331
O (2D

UpP DN
Cap out=0 Cap out=50
0 50
50 100
100 | =|:) 150 t

150 200

0 31 _ 4
14641 14641 14641

P(Cap out = 150) = Pyp, + P3py =

60

Cap out Capacity P(Cap out F(Cap out .
> X) > X) |
0 150 1 0

300
1331
60
1331
3
1331

30

F(Cap out = 150) = Fyp, + Fspg + fo(P3—P,) =

_ 120
= Taga1/ 2

14641 " 14641 " 14641



Problem 1 ° W oo
100 50 i
1331
150 0 1
1331
< (=)
UP DN
Cap out=0 Cap out=50
0 50
50 100
100 150
150 200

New cap out is 200MW

Cap out Capacity P(Cap out F(Cap out .
> X) > X) |
0 150 1 0

300
1331
60
1331
3
1331



Problem 1

Then we could summarize the 4 generator system into a new table

P(Cap out > X) | F(Cap out > X)
0 200 1 0

50

100

150

200

150

100

50

0

4641

14641
641

14641
41

14641
1

14641

4000

14641
1200

14641
120

14641
4

14641




Problem 2

There are four generators. Each generator either has full capacity of 50
MW or 0 MW when failed. The failure rate of each generator is 0.1/day
and mean repair time is 24 hours.

The daily load cycle:

Hours Load (MW)
1- 4 45
4- 8 105

8- 12 155 |
12- 16 105
16- 24 45
Load
Question:

Build generation system model in Markov approach



Problem 2

For a single generator

A=0.1/day,u=1/day

_ou 10
Pu = T 11
a1
Pd = ™ 11
Au 1
fc /day

T A+pu 11



Problem 2

Since we have four 2-state generators, if we write out all the states, there
will be 24 = 16 states in the state space.

Then merge all the states with same generation capacity, we will have 5
states

State 1: 4 generators up, 200MW
State 2: 3 generators up, 150MW
State 3: 2 generators up, 100MW
State 4: 1 generators up, SO0MW
State 5: 0 generators up, OMW



Problem 2

State 1
200MW

State 3

100MW

State 4
50MW

State 5
OMW




Problem 2

With transition diagram in previous page, it is possible to find every
probability and frequency.

Here, we obtain the same values in problem 1 as a comparison between
Markov approach and unit addition algorithm.

Firstly calculate probability of each state

Pt 10, 10000

w=Pu = () _14641
() ) 1 4000

Pu’pa = 11 111 14641

4 2 2_
(z)p _61(0 )1 G 4&4641
4 3_
(1)p 1( D = Taea1

Pou = pa = (57)*=

14641



Problem 2

State 1
200MW

State 3

100MW

State 4
50MW

P(Cap out 20) =1
F(Capout =20) =0
10000 4641

P(C t>50)=1—P,,, =1— =
(Cap out = 50) 4u 14641 14641
he £ > 50) = P " 10000 4 4000
= % — * —
ap out = du 14641 10 14641
P(Cap out = 100) =1 — Py, — P3y,
10000 4000 641

T 14641 14641 14641

F(Com ot = 100) = P 32 4000 3 1200
= * — * —
ap out = 3u 14641 10 14641

41
P(Cap out = 150) = Py + Py = 14641
600 2 120

> = = -
F(Cap out 2 150) = Pay * 24 = 70 * 70 = 12617



Problem 1&2 Comparison

It can be observed that Markov approach and unit addition method arrived
at the same results.

« Markov approach is straight forward and easy to understand, but when
it comes to actual system with large number of components, this
method require tremendous computation time and efforts.

« Unit addition method is widely used in computer software, which could
be easily adapted to large system.



Problem 3

There are four generators. Each generator either has full capacity of 50
MW or 0 MW when failed. The failure rate of each generator is 0.1/day
and mean repair time is 24 hours.

The daily load cycle:

Hours Load (MW)
1- 4 45
4- 8 105

8- 12 155 |
12- 16 105
16- 24 45
Load
Question:

Using conditional probability approach, obtain HLOLE and frequency of
loss of load on a yearly basis.



Problem 3

HLOLE = LOLP * 8760 (hrs)
In order to find the LOLP, build load model with 3 states
Hours  Load (MW)

1- 4 45
4- 8 105
8-12 155
12- 16 105
16- 24 45
State 1: Load=45 MW, p; =
State 2: Load=105 MW, p, = =
State 3: Load=155 MW, p; =
Also
12 — 1/day
fa3 = 1/day

fi13 = 0/day



Problem 3

Using conditional probability approach to find LOLP

Ld = 45 Ld = 105 Ld = 155
"Ei" 2"1 faz =1
) -
0 0 0
50 50 50
100 100 100
150 150 150

200 200 200



: |
Capacity P(Cap out = X) F(Cap out = X) |
0 200 1 0

Problem 3 .
100 100 _Efl_
14641
150 50 41
14641
200 0 1
14641
Ld = 45 Ld = 105 Ld = 155
— f23 =1
M
0 0 0]
50 50
100 100 100
150 150
200 200 200
1 641 4641 193

LOLP = P p Pop. = _
o sP1+ FsPa + 2P3 = 55005 1 13923 T 87846 2861
HLOLE = LOLP % 8760 ~ 590.94 (hrs)

4000

14641
1200

14641
120

14641
4

14641



: N
Capacity P(Cap out = X) F(Cap out = X) |
0 200 1 0
P b I 3 50 150 4641 4000
rO e I I l 14641 14641

100 100 641 1200
14641 14641
150 50 41 120
14641 14641
200 0 1 4
14641 14641
Ld = 45 Ld = 105 Ld = 155

f23=1

<>

0 0 0
50 50
100 100 100
150 150
200 200 200
1337
FF = Fspy + F3py + Fops + f12(Ps — Ps) + fo3(P; — P3) = m/day

~ 0.3899/day = 142.317 /year



Problem 4

There are four generators. Each generator either has full capacity of 50
MW or 0 MW when failed. The failure rate of each generator is 0.1/day
and mean repair time is 24 hours.

The daily load cycle:

Hours Load (MW)
1- 4 45
4- 8 105 |

8- 12 155
12- 16 105
16- 24 45
Load
Question:

Using generation reserve model, obtain HLOLE and frequency of loss of
load on a yearly basis.



Problem 4

HLOLE = LOLP * 8760 (hrs)

In order to find the LOLP with generation reserve model, build load model
In a cumulative way, similar with generation model

P;(Load >X) | F;(Load > X)

45 1 0
105 1

155

ANl = N =
—_



| —
Problem 4

With generation model and load model, we could construct generation
reserve model

45 95 155

200

150 -5 45 105
100 -55 -5 55
50 -105 -55 5

0 -155 -105 -45



| —
Problem 4

To find LOLP, calculate probability of margin < —5MW

45 95 155

200
150
100
50
0

PM) = ) [P, = Piaa] PUC = G = M)
i=1



S KRR
45 1 0 0 200 1 0

105 1 1 50 150 4641 4000
2 14641 14641
155 % ! 100 100 641 1200
14641 14641

150 50 41 120
14641 14641

200 0 1 4

14641 14641

Capacity
200 45 95 155
150
100
50 -105
0 -155 -105
5
P(=5) = ) [Pi = Piya] P(C = C; +5)
i=1
When i=1

(P, — P;,1)P;(200 — C; + 5) = (P, — P,)P;(200 — 0 + 5)
Since P;(205) =0
(P1 - PZ)PI(ZOS) =0



Picapout >0 | F(Capour= 1) |
45 1 0 0 200 1

0

105 % 1 50 150 4641 4000
) 14641 14641
{55 5 1 100 100 641 1200
14641 14641
150 50 41 120
14641 14641
200 0 1 4
14641 14641
Load
Capacity
200 45 95 155
150
100
50
0

P(—5) = (P, — P3)P;(155) + (P3 — P,)P;(105) + (P, — Ps)P;(55) + (Ps)P;(5)

4641 641 \1 N 641 41 \1 N 41 1 1 N 1 1
— — — — — — — *
14641 14641)6 14641 14641)2 14641 14641)2 14641
1013 300 20 1 193

=22247 ' 12641 " 12641 14641 2861
HLOLE = LOLP * 8760 ~ 590.94 (hrs)

= LOLP



Problem 4

To find FF, calculate frequency of margin < —5MW

200 45 95 155

150

100

50 -105

0 -155 -105

F(M) = FI(M) + Ft{(M)

FI(M) = Z[F- — Fi1] Pi(C = C; — M)

Fl(M)—Z[P Pio1] Fi(C — € — M)



S KRR
45 1 0 0 200 1 0

105 1 1 50 150 4641 4000
2 14641 14641
155 % ! 100 100 641 1200
14641 14641

150 50 41 120
14641 14641

200 0 1 4

14641 14641

Capacity

200
150
100
50 -105
0 -155 -105
5
F9(=5) = ) [F; = Fipa] P(C = C; +5)
i=1
When i=1

(Fi - Fi+1)Pl(200 - Ci + 5) == (Fl - Fz)Pl(ZOO i 0 + 5)
Since P;(205) =0
(F1 - FZ)PI(ZOS) =0



ety || S |
45 1 0 0 200 1

0
105 1 1

> 50 150 4641 4000
i 14641 14641
155 - 1 100 100 641 1200
14641 14641
150 50 41 120
14641 14641
200 0 1 4
14641 14641
Load
Capacity
200 45 95 155
150 -5
100 -55
50 -105
0 -155

F9(—5) = (F, — F3)P;(155) + (F3 — F,)P;(105) + (F, — F5)P;(55) + (Fs)P;(5)

4000 1200 1+ 1200 120 1+ 120 4 1+ 4 1
— — — — — — — *

14641 14641)6 14641 14641) 2 14641 14641)2 14641
174 540 58 4 397
= + + + -
5459 14641 14641 14641 5439

/day



S KRR
45 1 0 0 200 1 0

105 1 1 50 150 4641 4000
2 14641 14641
155 % ! 100 100 641 1200
14641 14641

150 50 41 120
14641 14641

200 0 1 4

14641 14641

Capacity
200 45 95 155
150
100
50 -105
0 -155 -105
5
F(=5) = ) [P = Prya] Fi(200 = C; + 5)
i=1
When i=1

(Pi - Pi+1)Fl(200 - Ci + 5) == (Pl - Pz)Fl(ZOO - O + 5)
Since F;(205) =0
(P1 — Pz)Fl(205) =0



Pepoucz ) | rCapouszt) |
45 1 0 0 200 1

0

105 % 1 50 150 4641 4000
) 14641 14641
{55 5 1 100 100 641 1200
14641 14641
150 50 41 120
14641 14641
200 0 1 4
14641 14641
Load
Capacity
200 45 95 155
150
100
50
0

F!{(—=5) = (P, — P3)F;(155) + (P; — P,)F;(105) + (P, — P5)F;(55) + (P5)F;(5)
_ 4641 641 641 41 41 1 1

N (14641 - 14641) Lt (14641 - 14641) Lt (14641 - 14641) 't Taea1 "
4000 600 40 4640

= Ta6a1 T 14641 T 14641 12641’

0




| ——

Problem 4

To find FF, calculate frequency of margin < —5MW

45 95 155

200

150 -5
100 -95
50 -105
0 -155

1337
F(—5) = F9(=5) + F!(=5) = m/day ~ 0.3899/day = 142.317 /year



Problem 3&4 Comparison

It can be observed that conditional probability approach and generation
reserve model arrived at the same results.

« Conditional probability approach is more straightforward for hand
calculation, while generation reserve model is easy to adapt with
computer computation

« This problem solving session is also a demonstration of how to use
generation reserve model



Problem 5

There one generators with full capacity of 50 MW and 0 MW when failed,
its failure rate is 0.1/day and mean repair time is 24 hours. Assume
generator was in up state at t=0

Find:

1. Frequency of failure’s function with time
2. Frequency of repair’s function with time

¥ =2

UupP DN




Problem 5

For the generator
A=0.1/day,u=1/day

U A

+ e_(A'l'ﬂ)t
A+u A+4u

Pu (t) =

A A
t) = _ —(A+ut
pa(t) 1+ u A+Me

Then for frequency of failure

ff(t) = pu ()1 =
For frequency of repair

Au Au
— — _ —(A+u)t

COF =2

UP DN

A A?

_|_ e_(l-l'ﬂ)t
A+u A+u




Problem 5

The idea is to show that frequency balance is only valid when it reaches
steady state

0 . 1 o L L L L L L L L L

0.09

0.08

frequency of failure
frequency of repair

0.07

0.06

0.05

frequency (/day)

0.04

0.03

0.02

0.01

5 6 7 8 9 10
time (day)




Thank you!




