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Abstract- This paper proposes a fuzzy constrained optimal power flow (FCOPF) algorithm with non-linear fuzzy network
and generator ramprate limit constraints. The problem is decomposed into total fuel cost fuzzy minimization subproblem
and total real power loss fuzzy minimization subproblem, which are solved by fuzzy linear programming (FLP). In the
total fuel cost fuzzy minimization subproblem, the line flow and transformer loading limits and the generator ramprate
limits are treated as fuzzy constraints. Whereas, in the total real power loss fuzzy minimization subproblem, the bus
voltage magnitude limits are treated as fuzzy constraints. The non-linear S-shapemembership function is used for
representing soft characteristic of fuzzy constraints. The proposed FCOPF algorithm is tested on the IEEE 30 bus test
system with and without lines outage cases. The results show that the fuzzy constrained optimal power flow algorithm
can successfully trade off among total fuel cost, line flow and transformer loading and generator ramprate in the total
fuel cost fuzzy minimization subproblem and between total real power loss and bus voltage magnitude in the total real
power loss fuzzy minimization subproblem.
Keywords - optimal power flow, fuzzy linear programming, ramprate limit.

1.

INTRODUCTION

Optimal power flow program is used to determine
the optimal operating state of a power system by
optimizing particular objectives while satisfying certain
specified physical and operating constraints [1]. Due to
its capability of integrating the economic and security
aspects of the concerned system into one mathematical
formulation, OPF has been attracting by many
researchers. The solution techniques for the OPF problem
include linear programming, quadratic programming,
gradient methods, interior point techniques [2-3], and
stochastic optimization models [4-5]. In general,
constraints in OPF are usually given fixed values that
have to be met all the time, leading to over conservative
solution. In addition, when the constraints are severely
violated, crisp constrained OPF may not be able to obtain
the feasible solution and it is difficult to decide which
constraint should be relaxed and the extent of relaxation.
Presently, increase in electricity consumption pushes the
power systems to operate closer to their secure limits due
to economical reasons. This has exacerbated the
traditional conflict between the two major objectives of
power system operation: economic and security.
Therefore, certain trade-off among objective function and
constraints is more desirable than rigid constraint solution
[6].
Using fuzzy set theory, an OPF problem can be
modified to include fuzzy constraints (for security) and
fuzzy objective function (for economic operation). These
developments overcome some of the limitations of the
crisp constrained OPF. For example, Guan et al
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[6] applied a fuzzy set method taking into account the
fuzzy nature of the line flow constraints in OPF. Edwin
Liu and Guan [7] applied a fuzzy set method to efficiently
model the fuzzy line flow limits and control action
curtailment in OPF. Nevertheless, the methods were
aimed at treating line flow limit as linear fuzzy constraint
in optimal real power dispatch excluding optimal reactive
power dispatch. Meanwhile, the fuzzy voltage constraints
have been applied to the real power loss minimization
problem in [8] and [9]. However, the methods were
aimed at treating only voltage magnitude limit as linear
fuzzy constraints in optimal voltage controls without
optimal real power dispatch. In addition, it is quite
obvious that linear membership function is usually not
adequate for fuzzy constraints representations. Non-linear
membership functions can provide better representation
of soft characteristic of practical constraints than linear
membership functions [10]. In our previous work [11],
the fuzzy constrained optimal power dispatch was
formulated for electricity and ancillary services markets
without generator ramprate constraints. Whereas, real
power loss was minimized by LP with crisp bus voltage
magnitude constraints.
This paper proposes a non-linear fuzzy constrained
optimal power flow (FCOPF) algorithm including nonlinear fuzzy line flow and transformer loading limits,
generator ramprate and bus voltage magnitude
constraints. The problem is decomposed into total fuel
cost fuzzy minimization subproblem and total real power
loss fuzzy minimization subproblem, which are solved by
fuzzy linear programming (FLP). In the total fuel cost
fuzzy minimization subproblem, the line flow and
transformer loading limits constraints and the generator
ramprate constraints are treated as fuzzy constraints.
Whereas, in the total real power loss fuzzy minimization
subproblem, the bus voltage magnitude limits are treated
as fuzzy constraints. The proposed FCOPF algorithm is
tested on the modified IEEE 30 bus system with and
without line outages conditions. Comparisons on the
proposed FCOPF algorithm and crisp constrained optimal
power flow are shown and discussed.
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and power balance constraints in (2) and (3), crisps
inequality constraints in (14) and (17), and low and high
limits of V and T in (12), (13), (15), and (16).
h is the vector representing of crisp limit constraints
from Eq. (11). Each row of G in (26) is interpreted as the
degree to which vector [V T]T satisfies either the fuzzy
objective function or inequality constraint i. λ1(x)
represents the objective function in (10) and λi(x), i =
2,…,1+NV, represent fuzzy inequality constraints of the
problem in (11). Similar to the total fuel cost fuzzy
minimization subproblem, the S-shaped membership
function for fuzzy bus voltage magnitude constraint is
expressed as,

⎛⎛
1
V ⎤ - ρi +ωi
λi ( x ) = ⋅ tanh ⎜ ⎜ G i ⋅ ⎡⎢T
⎣ ⎥⎦
2
2
⎝⎝

⎞ ⎞ 1
⎟ ⋅σ i ⎟ + 2 ,
⎠ ⎠

c) Computational Procedure
The computational procedure of FCOPF is shown in Fig.
7. FLP1 refers to the FLP algorithm of Section 3.a whereas FLP2
is the FLP algorithm of Section 3.b.
Initialize real power loss from power analysis

Solve FLP1 for real power scheduling and ancillary services
Solve power flow analysis with the real power scheduling output from FLP1

Minimize real power loss by FLP1
Solve power flow analysis with voltage and transformer tap setting from FLP1

(27)
Add the
fuzzy
voltage
constrains in
FLP2
problem

where, Gi is the row i of G and. ρ1 is the minimum total
real power loss solved by the LP when all constraints are
within the normal limits. On the other hand, ω1 is the
minimum total real power loss solved by the LP when
relaxing all constraints to their maximum acceptable
violating limits. 1 σ is obtained by ρ1 / ω1 as shown in
Fig. 5. For the fuzzy voltage limit constraints, ρ1 and , i =
2,…,1+NV, are set to normal limit and ωi,
i =
2,…,1+NV, are set to 5% violation on the limit. σ i are
obtained by ρi / ωi for both low voltage and high voltage
limits, as shown in Fig. 6.

Any new bus
voltage limit
violation?

Yes

No

Does the real power loss of the current
power flow solution lower than that of
the previous power flow solution?

Yes

No

Add the
fuzzy line
flow and
transformer /
generator
ramp-rate
limit
constrains in
FLP1
problem

Any new line flow and
transformer loading /
generator ramp-rate
limits violation?

Yes

No

Does the current power flow solution
using FLP1 match the current power
flow using FLP2?
Yes
Solve power flow analysis with voltage and transformer tap setting from FLP1
STOP

Fig. 7. Computational procedure.
Fig. 5. Membership function for total real power loss.

4.

SIMULATION RESULTS

a) IEEE 30 bus system
The IEEE 30 bus system [14] is used as the test data.
Its network diagram is shown in Figure 8. The generator
fuel cost functions are given in third order polynomial
function as shown in Table 1.
Table 1. Generator fuel cost parameter and operating limits
Gen Min Max
Bus (MW) (MW)

Fig.6. Membership function for bus voltage magnitudes.
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The fuel cost function are linearized into piecewise
linear cost curve as shown in Figure 9. In the simulation,
the generator and load bus operating ranges of voltage
magnitudes are 0.95-1.1 p.u. The generators ramprate
limits for both increasing and decreasing real power
generation are shown in Table 1. The algorithm has been
tested with several cases with different system conditions.
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Feasible solutions can not be obtained by the crisp
constrained OPF for some particular severe system
conditions. The simulations include (i) base case: with
normal operating condition and (ii) line outages case:
with outages simulation of lines 2-5 and 2-4, as shown by
dash lines in Fig. 8.

Fig.8. IEEE 30 bus test system network diagram.

Fig.9. Generators fuel costs and linearized fuel costs of IEEE 30 bus test system.

Base case: normal operating condition
The original IEEE 30 bus system given in [14] is
used to test the proposed FCOPF. Table 2 shows the
simulation results including control variables, constraint
violations, real and reactive power dispatch, total real
power loss and total fuel cost of crisp constrained OPF
and the proposed FCOPF for base case. In this case, all
line and transformer operate within their loading limits.

The simulation shows that the total fuel cost of crisp
constrained OPF is lower than initial condition whereas
FCOPF is lower than that of initial condition and crisp
constrained OPF by 1.8% and 0.6%, respectively. With
the fuzzy treatment on bus voltage magnitude limits, the
total real power loss of FCOPF is 18.25% and 2.5% lower
than initial condition and crisp constrained OPF,
respectively. Note the ramprate of generator connected to
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bus 5 is 5% slightly higher than its normal operating
limit.

Line outages case: with lines between buses 2 and 5 and
between buses 2 and 4 outages

Table 2. Simulation results of IEEE 30 bus system base case

With lines 2-5 and 2-4 outages, the line 2-6 flow
violates its limit of 65 MW. The control variables,
constraint violations, real and reactive power dispatch,
total real power loss and total fuel cost of crisp
constrained OPF and the proposed FCOPF with lines
outages are shown in Table 3.
Crisp constrained OPF results in binding constraints
solution. The total fuel cost and total real power loss of
crisp constrained OPF are lower than that of initial
condition. Due to fuzzy line flow constraints, the total
fuel cost of the FCOPF is 2.4% lower than crisp
constrained OPF. Whereas, the total real power loss of
FCOPF is 1.8% lower than that of crisp constrained OPF.
Note the line 2-6 flow of 67.142 MVA is 3.29% slightly
higher than its limit of 65 MVA.

⏐V1⏐
⏐V2⏐
⏐V5⏐
⏐V8⏐
⏐V11⏐
⏐V13⏐
PG1
PG2
PG5
PG8
PG11
PG13
T4-12

1.060
1.045
1.010
1.010
1.082
1.071
72.6
70.0
40.0
35.0
30.0
40.0
0.932

Crisp
Constrained OPF
1.100
1.097
1.064
1.066
1.100
1.100
66.9
69.0
46.0
35.0
30.0
40.0
0.9880

T6-9

0.978

1.0340

1.0390

T6-10

0.969

1.0250

1.0300

0.968
287.62,
85.97

1.0175
1.100
1.100
6.00
286.94,
79.67

1.0231
1.105
1.104
1.105
1.105
6.3
286.85,
78.95

4.22

3.54

3.45

6380.89

6307.28

6268.03

PG ( MW )
Tap

Control Variables

V ( p.u. )

Description

Initial

T28-27
⏐V1⏐
⏐V2⏐
Constrains
⏐V
11⏐
Violation
⏐V13⏐
RG5up
Total Power Generation
(MW, MVAr)
Total system loss
(MW)
Total fuel cost ($/h)

FCOPF
1.105
1.104
1.069
1.071
1.105
1.105
59.3
76.5
46.3
35.0
30.0
40.0
0.9930

Table 3. Simulation results of IEEE 30 bus system with lines
2-4 and 2-5 outage

⏐V1⏐
⏐V2⏐
⏐V5⏐
⏐V8⏐
⏐V11⏐
⏐V13⏐
PG1
PG2
PG5
PG8
PG11
PG13
T4-12

1.060
1.045
1.010
1.010
1.082
1.071
77.8
70.0
40.0
35.0
30.0
40.0
0.932

Crisp
Constrained OPF
1.100
1.100
1.032
1.082
1.100
1.100
77.1
62.5
46.0
35.0
30.0
40.0
1.004

T6-9

0.978

1.050

1.0530

T6-10

0.969

1.041

1.0440

0.968
69.86
292.75,
109.23
9.35
6616.50

1.023
65.000
1.100
1.100
1.100
1.100
6.00
290.56,
100.19
7.16
6551.09

1.0262
67.142
1.105
1.105
1.105
1.105
290.43,
99.43
7.03
6396.30

PG ( MW )
Tap

Control Variables

V ( p.u. )

Description

Initial

T28-27
f2-6
⏐V1⏐
Constraints
⏐V2⏐
Violation
⏐V11⏐
⏐V13⏐
RG5up
Total Power Generation
(MW, MVAr)
Total system loss (MW)
Total fuel cost ($/h)

FCOPF
1.105
1.105
1.038
1.088
1.105
1.105
60.0
79.6
45.83
35.0
30.0
40.0
1.0070

b) IEEE 118 bus system
Because some generators in the IEEE 118 bus test
system are treated as synchronous condensers (no real
power generation) and synchronous motors (negative real
power generation), the bus connected to those machines
are treated as voltage control bus with no real power
generation in the modified IEEE 118 bus used in this
paper. The data of modified IEEE 118 bus test system is
given in [15]. The results of IEEE 118 bus system are
shown in Table 4.
Table 4. Simulation results of modified IEEE 118 bus test
system
Description

Initial

Crisp
Constrained OPF

FCOPF

Total Power Generation
(MW, MVAr)

3836.37,
-295.99

3871.17,
-31.11

3856.23,
260.56

Total system loss (MW)

168.37

203.17

188.23

Total fuel cost ($/h)

319,741

299,746

299,703

The total fuel cost and total real power loss of crisp
constrained OPF are lower than that of initial condition
with binding solution of the lines flow limit between bus
65 and 68 of 540 MW. Due to fuzzy line flow constraints,
the total fuel cost of the FCOPF is shown to be the lowest
with the line 65-68 flow of 549.344 MVA, 0.797% slightly
violating its limit.

5.

CONCLUSION

In this paper, a fuzzy constrained optimal power flow
(FCOPF) algorithm with non-linear fuzzy network and
generator ramprate constraints is efficiently and
effectively minimizing the total fuel cost and total real
power loss by FLP in power system. The results show
that the fuzzy constrained optimal power flow algorithm
can successfully trade off among total fuel cost, line flow
and transformer loading and generator ramprate in the
total fuel cost fuzzy minimization subproblem and
between total real power loss and bus voltage magnitude
in the total real power loss fuzzy minimization subproblem,
leading to the lower total fuel cost than that of crisp constrained
optimal power flow.
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