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Abstract—This paper investigates the effectiveness of com-
bining valid inequalities and feasibility-based bound tightening
(FBBT) to strengthen linear programming (LP) relaxations for
the AC Optimal Power Flow (ACOPF) problem. We focus
on reformulations using McCormick envelopes applied to the
Second-Order Conic Programming (SOCP) relaxation of ACOPF.
Several classes of valid inequalities, including ring cuts, reverse
cone envelopes, and arctangent envelopes, are integrated into
the relaxation. A combined tightening framework is proposed,
beginning with bound tightening via SOCP relaxations, followed
by adding valid inequalities and successive refinement of the
McCormick envelopes with FBBT. Experimental results show
that integrating arctangent envelopes with FBBT yields a tighter
and more scalable relaxation. This approach significantly reduces
the average SOCP gap from 8.14% to 4.11%, thereby improving
the practical performance of convex relaxations for ACOPF.

Index Terms—ACOPEF, convex relaxation, bound tightening

I. INTRODUCTION

The Alternating Current Optimal Power Flow (ACOPF)
problem is fundamental in the operation of electric power
grids, aiming at optimizing power generation and transmission
while respecting the physical and operational constraints of the
power network. However, due to the inherent physical nature
of alternating power flow equations, ACOPF is nonlinear,
nonconvex, and generally NP-Hard [1]. This combination of
features brings significant challenges in solving ACOPF for
large-scale power systems in real life.

To address the complexity of ACOPF, two main approaches
are commonly used. The first approach involves approximating
AC power flow with Direct Current (DC) power flow equa-
tions. This approximation linearizes the power flow equation
by ignoring reactive power flow and voltage magnitude at
the cost of lost accuracy of AC feasibility [2]. Additionally,
various studies have proposed linear programming techniques
to approximate AC power flow equations directly [3]-[6].

The second approach employs nonlinear solvers to find a
local optimum. Methods such as the Newton-Raphson tech-
nique and interior-point algorithms are commonly used [7].
These methods are computationally feasible for medium-sized
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systems and can efficiently handle practical network config-
urations. However, they do not guarantee global optimality,
which may lead to a significant gap between the local optimum
obtained and the theoretical global solution.

To evaluate the quality of local optima, convex relaxations
are used to derive lower bounds for ACOPF [8]. These relax-
ations reformulate the nonconvex problem into a convex one,
enabling the use of efficient solvers while providing global
optima as meaningful lower bounds on the original problem.
Numerous studies have investigated reformulations and convex
relaxation techniques, aiming to improve the accuracy and
computational efficiency of these methods [7]. Currently,
the most common convex relaxations for ACOPF include
Semi-definite Programming (SDP) [9], Second-Order Conic
Programming (SOCP) [10], Quadratic Convex Quadratic Pro-
gramming (QC) [11] and Linear Programming (LP) [12]. SDP
was proved to give a globally optimal solution on a number
of tested ACOPF cases [13]. However, it is computationally
demanding for large-scale problems. SOCP relaxations strike
a balance between computational efficiency and accuracy but
produce weaker bounds compared to SDP. QC relaxations
offer an intermediate complexity with tighter bounds than
LP but are still expensive to solve. LP relaxations, while
computationally efficient, typically yield the loosest bounds
and require additional techniques to be practically useful.

To further improve the tightness of convex relaxations of
ACOPF, researchers have explored techniques such as adding
valid inequalities and performing bound tightening on current
convex relaxations, especially on the SOCP relaxation. For
instance, Kocuk et al. [10] generated valid inequalities for the
arctangent envelope, and projected the SDP relaxation over
cycles to strengthen the SOCP relaxation. Similarly, Narimani
et al. [14] used linear convex envelopes to tighten the QC
relaxation. And Coffrin et al. [15] used lifted nonlinear cuts
and feasibility-based bound tightening (FBBT) techniques to
strengthen current SDP relaxations, which were first proposed
in earlier works [16], [17]. These strategies help to reduce
the gap between the relaxed feasible region and the original
ACOPF solution space.

Despite these advancements, there remains a considerable
gap between the potential of LP relaxation in theory and its
practical performance in solving ACOPF. The main goal of
this paper is to use combined valid inequalities and bound



tightening techniques to enhance the LP relaxation of ACOPE.
By systematically integrating these techniques, we aim to
reduce the gap between LP relaxation and the original feasible
region while maintaining computational tractability.

II. PROBLEM FORMULATIONS

In this section, we present the standard SOCP relaxation and
the corresponding LP relaxation formulations for ACOPF. We
begin by introducing the system model and relevant notations.

A. Branch-flow Model

Consider a transmission-level power network N' = (B, £),
where B is the set of buses and £ is the set of transmission
lines. The set of generators is denoted by G, and G; C G
denotes the subset of generators located at bus ¢. For each
generator k at bus ¢, the active and reactive power generation
are denoted as py,q; respectively, and the generation cost
function, C’;’j (pi), for each generator k is usually linear or
convex quadratic in pj.

For each transmission line £ € £ connecting buses ¢ and j,
we denote the line by tuple (4,1, 7). The sets of incoming and
outgoing lines at bus i are given by 6 (i) := {¢|(¢, j,i) € L}
and 6°“'(i) = {{|(¢,i,7) € L}, respectively. The physical
parameters of each line ¢ are captured by its admittance matrix
in complex form:

Yiei5) = <

where GZ’b and ng represent the conductance and susceptance
of line ¢ from terminal a to b, with f and ¢ indicating the line’s
from (bus 1) and to (bus j) ends. At each bus 1, let gfh (resp.
bfh) denote the shunt conductance (resp. susceptance), the
complex voltage at bus ¢ can be represented in polar form as
V; = |V;|(cos 8; +jsin 6;), where |V;] is the voltage magnitude
and 0; is the voltage angle. At the same time, the active and
reactwe power demand at bus ¢ are denoted by pl , qz , Where
pZ >0, —0 < qf < o00. The polar form of the branch-flow
model for ACOPF is described in (1)-(11).
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The objective function (1) minimizes the total generation
cost across all generators. Constraints (2)-(5) describe the
active and reactive power flows between the "from” and ’to
buses of each transmission line £. Power balance at each bus is
enforced by (6) and (7). And the limits on active and reactive
power generation are represented by (8). Voltage magnitude
bounds at each bus ¢ are imposed by (9). Finally, each
transmission line £ is subject to thermal limits and phase angle
difference constraints, specified in (10) and (11), respectively.

B. Jabr Relaxation

The classical SOCP relaxation for the ACOPF problem was
first introduced by Jabr [18]. Following a similar reformu-
lation, we define the auxiliary variables for each bus ¢ and
transmission line (i, j) as ¢;; = |Vi|%, ¢;j = |Vi]|Vj] cos0;;,
sij = —|Vi|[Vj|sinf;;. Using these variables, the power
flow equations can be reformulated as shown in (12)-(15).
The |V;|? term in (6)(7) can be replaced by c;;, and the
voltage magnitude constraints are similarly transformed into
(16). Based on the definitions of the new variables, we also
derive the nonlinear constraint (17) and the angle difference
constraint (18).

V transmission line (¢,7,7) € L :

pit =Gl e+ Gl ey — BI' s (12)
q)' = =Bl  cii — Bf'¢ij — GI" 55 (13)
B =G sy G ey B 14
q)f =~ Bt c;; — B ci; + G sy (15)
V2<c,<ViieB (16)
c?j + sfj = Cjj Cjj a7
0; — 6; = arctan(s;;/c;;) (18)
Since constraint (17) is non-convex, we relax it to be:
c P+ sl] < e, VU, i,7) € L (19)

Therefore, the SOCP relaxation for ACOPF involves (1),
modified (6) and (7), (8), (10), (12)-(16), and (19).

C. McCormick Relaxation

McCormick relaxations are broadly used in constructing
LP relaxations for problems involving bilinear/quadratic terms
[19]. Generally, the McCormick envelope provides a convex
relaxation of a nonlinear nonconvex program by leveraging
the known bounds of the variables. Specifically, for a bilinear
term w = xy, where z < x <7,y < y < 7, the McCormick
relaxation is given by the following 4 linear inequalities (20)-
(21), which define the tightest convex hull of w over the given
box constraints:

(20)
2y

w 2wy + Y — Y, w2>TY+TY —TY

w < xy + zy — 27, w<xy+TY—TY



To simplify notation, we denote the McCormick envelope
of a bilinear term w = xy as M (w = zy). In constructing
the McCormick relaxation for the ACOPF roblem we in-
troduce auxiliary variables Cj;, D;;, Sij, Pe , P[t ! s
sz to replace the bilinear and quadratic terms appearing in
constraints (10) and (17), reformulating these 2 constraints into
linear expressions:

Pl QIt <SP+ QY <5 (i) el
Cij + Sij = Dij, V(¢,i,5) € L

(22)
(23)

Accordingly, the corresponding McCormick envelopes for
each of these terms are then added, linearizing the model
while preserving convexity within the bounds of the original
variables.

M(CU = C%),M(Sij = 82 ) M(DU = Ciicjj) (24)
M(P[* = (p]")?), M(Q]" = (¢[")?) (25)
M(PY = (i )?), M@QY = (¢/))?) (26)

As a result, the final McCormick relaxation for the ACOPF
problem retains the original objective function (1) and linear
constraints (6)-(8) while replacing all bilinear and quadratic
terms with their corresponding linear relaxations (12)-(16) and
(22)-(26).

III. TIGHTENING TECHNIQUES

This section outlines the main tightening techniques em-
ployed in this work, including valid inequalities and bound
tightening strategies.

A. Valid Inequalities

We investigate three classes of valid inequalities to enhance
the strength of the relaxation.

1) Ring Cuts: The idea of ring cuts originates from [20].
In this work, we extend the formulation to incorporate both
the inner and outer boundaries of the ring region. Recall that
the variables ¢;; = |V;||V}|cos;; and s;; = —|V;||V;|sin6;;
represent the real and imaginary parts of the voltage product
between buses ¢ and j. Naturally, these variables are con-
strained to lie within an annular region defined by:

Rij o= {(cij si5) 1 B, < & + 83 <R”}

where Eij = Kin, Rij = ViVj are derived from the lower
and upper bounds on the voltage magnitudes at buses ¢ and j.

Based on the definitions of ¢;;, s;;, their initial bounds can
be computed as:

=V,V, cosb,;,
= —VZ'VJ' 51n0ij,

Cij ZVV
=-V; V sin 6,

0,

These bounds define a rectangular region, whose intersec-
tion with the annular feasible set can be leveraged to construct
valid inequalities - namely, ring cuts - that exclude infeasible
regions while preserving all feasible solutions. We define the
bounding box:

Bij = [c;, Cij] X [8:5, 3]

which represents the initial relaxation region based on the
variable bounds. The feasible region for (c;j;,s;;) in the
ACOPF problem is given by the intersection R;; N B;;.

Since ¢;; > 0, by analyzing the geometric relationship be-
tween the ring and the box, we can generate valid inequalities
that cut off parts of B;;. In particular, when ¢ < RU,
inner boundary of the ring intersects with the box, resulting
in up to three pairs of possible intersection points.

o I[(cijrsip)ll < By and |[(c;;,5i5)] < R

2
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Y1 =
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Based on this geometric configuration, we derive a valid

inequality that excludes the infeasible interior region of the
inner circle, represented by (27):

’Lj’

_ 2 =2 _
Sijs T2 = Cyjs R, =5, y2 =

(y1 — y2)cij — (X1 — x2)8i5 > Tay1 — T1Ya- (27)

For the outer boundary of the ring, the intersection between
Ri; and B;; occurs under specific geometric configurations.
These scenarios arise when parts of B;; extend beyond the
outer radius Fij, resulting in infeasible regions outside the
permissible voltage product magnitudes:

e [|(@ij,3i5)|] > Ri; and I[(Cij, ;)| > Rij: 1 = 54,
—;) . —=2
Yo = 8y, 11 = \| Ry; — 5%, w0 = \[Ry; — 5%

e [|(@ij,5:5)|| < Rij and ||(@j,85;)]

> Riyjt 21 = ¢
—2 —2
_ _ =2 _ 2
Y2 = S5, Y1 = Rij — Cij» T2 =1/ Rij — 83

o |I(@5, 51 > R] and H(vaﬁij)” <

\/R?J SQJ, Yo = Rfj EQj.

In such cases, a valid inequality can be derived to exclude
these infeasible portions. The resulting constraint, denoted
as (28), ensures that the solution lies within or inside the
outer circle, thereby preserving feasibility with respect to the
physical model while tightening the relaxation.

Rij/ (21— 22)? + (y1 — 12)?
(28)
2) Arctangent Envelopes: Arctangent envelopes are used
to construct outer linear approximations of the nonlinear
constraints in the case of angular relationships (18). With the
assumption that the phase angle difference is small enough
[13], we have c;; > 0. Following the approach in [10], we
consider the set:

T = Cz]a €T =

(361 - 362)8” =z (yi yQ)Cij -

Ai]‘ = {(cij,sij,Hji) S R3 : jS = arctan(sij/cij),
(cijs 8ig) € i Cisl X [845,3i5]}
where 6; denotes the angle difference ¢; — 6;. To
approximate A;;, we consider the convex hull of its

graph over the specified box B;;. Project the four cor-
ner points of B;; in 2D onto the arctangent surface



0 = arctan(sij/lcij), then we will get 4 corner goints
of ./E'j in 3D:7zij7 (gij,gij,afctan(Eij/gij)), %y =
(Cij» 5ij» arctan(sy; /€i;)). z; = (Cij, 845, arctan(s;;/Ci;)).
and Z;‘lj = (Cij» 835> arctan(s;; /c;;)).

Two supporting planes that pass through the point triples
{2, 23,25} and {z};,2};,2};} define the upper approxi-
mation of A, denoted as 0], = v + aic; + fBisy; and
9322 = Y2 + oaC;j + B25ij. These yield two valid inequalities,
collectively referred to as the upper envelopes of .A:

Ve + akcij + Brsi; > 0,

where v}, = v + Ay,

(29)

Ayr =  max

(cij»sij)EBi;
9;61 = Yk + Cij + Bksij, and k = ]., 2.

Similarly, the lower envelope is constructed by fitting the
planes 9 = v3 4+ asc;; + 3855 and 6]1- =4+ a4c” + Basij
through the points triples {z};, 27, zi;} and {2}, 2%, 2}, }, re-
spectively. The valid inequalities that form the lower envelopes
of A are:

Ve + cij + Brsij < b5,

{arctan(s;;/c;j) — 9?1‘ )

where 7}, = v, — A,
max {0F — (30)
(cijasij)egij{ I
9;% = v, + agcij + Brsij,and k = 3, 4.

3) Reverse Cone Envelopes: The original relationship be-
tween c;; and s” is given by (17), which can be expressed
as c¢jcjj < c ; + 32] < c”c] j. However, the left-hand side
inequality, c”c]j < cij + sw, is non-convex and defines a
reverse second-order cone To approximate this non-convex
region, we follow the approach in [21], constructing an outer

approximation by overestimating ,/c%j + sfj and underesti-
mating ,/¢;;C;; using affine hyperplanes.
Specifically, we introduce affine functions ¢ (cy;,¢j;) =

niy i+ Gy ¢ji+ ki, m = 1,2, which serve as underestimators
of ,/c;;¢;; over the bounding box B;;.

Ay = arctan(s;;/ci;)},

1
RV CiiCjj 771] Sii Cijgjj7
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Kij = /CiiCij — T — CTie
Similarly, the affine functions f"(c;j,s:;)

CZJ Sij + 11”7
over the same domain.
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The resulting valid inequalities, denoted in (31), form a
convex outer approximation of the non-convex constraint

2 2.
\/CiiCjj < £/ Cij + EHE

77” Cis + Cz] C]J + K'/’L] — nzgclj + Cz]SZj + KZ‘])
where m = 1,2,and n = 3,4.

Sij = 845

3D

B. Bound Tightening

Bound tightening is a widely used technique for iteratively
reducing the feasible ranges of variables, thereby strengthening
convex relaxations. In [16], it was demonstrated that applying
FBBT to the voltage magnitude and angle variables in the
polar formulation significantly improves the performance of
SDP and QC relaxations. Further work in [15] applied similar
techniques to the QC relaxation, including objective-based
bound tightening. In addition, [17] explored bound tightening
on nodal power variables.

In this work, we extend these ideas by applying FBBT to
the variables c;; and s;;, as used in the SOCP relaxation. Since
the McCormick envelopes (24) depend directly on the bounds
of these two variables, we update both the variable bounds and
the corresponding McCormick envelopes at each iteration as
new bounds are obtained. The complete procedure is detailed
in Algorithm 1.

Algorithm 1 FBBT for ¢;; and s;;.
1: Initialize:

0 0 g0 . = = ; .
o Set c”7 332 Sij» Sij i= Cij» Cij» Sij, Sij» Max iter K
e Set § := McCormick relaxation of ACOPF;

o Set iteration counter k := 1.

2: repeat

3:  for all 671757]’ (¢,1,7) € L: do

4 Calculate c” :=ming;; €S, dj '=maxc;; € S;
si; = mins;; € S, §/] = maXSw € S;

5: Set ck = max{c”7 G } CU := min{c;;, ¢ fj 1,
§fj = max{sw,w } s” :— rnln{sJ7 Z 1}.

6: Update S with bounds c* sk 5% and new Mc-

=45 ’Lj’ 2457 21
Cormick envelopes of (24).

7:  end for
8: k + k + 1.
oFogk gk E—1 —k—1 _k—1 —k—1
9: until CU, Cijs 8ijs Sij = Cij 1 Cij 185 8 ork>K.

C. Combined Tightening Framework

Our tightening framework combines valid inequalities and
FBBT to evaluate the potential improvement in LP relaxations
of the ACOPF problem.

The procedure begins by constructing two models, a stan-
dard SOCP relaxation and a McCormick relaxation, based on



the given instance parameters. Initial bounds on variables c;;
and s;;, denoted g?j, E?j, g?j, 5;;, are computed using the given
limits on voltage magnitudes V;, V; and angle differences ;.

At the first iteration, the SOCP relaxation is used to perform
bound tightening on ¢;; and s;;, yielding new bounds ggj,
Cij» Sij» 5;;- New bounds are updated by selecting the most
restrictive bounds: ¢}; = max{c};, ¢};}, ¢j; = min{c};,
si; = max{sy;, si;}, 55; = min{57;, 5} }.

At the second iteration, updated bounds are recomputed for
each line using the current McCormick relaxation model. At
this stage, additional valid inequalities (cuts) are introduced
to further tighten the feasible region, and the McCormick
envelopes are reconstructed accordingly.

For subsequent iterations (k > 3), the previously generated
cuts are retained to ensure numerical stability. Only FBBT
and McCormick envelope updates are performed in these
iterations. The iterative procedure terminates when either a
pre-specified maximum number of iterations is reached or
when the bounds on all ¢;; and s;; remain unchanged relative

to the previous iteration.

150 Cij 1>

IV. EXPERIMENTAL RESULTS

This section presents the experimental results. The test in-
stances are drawn from the PGLib-opf/api library, v23.07
[22]. All experiments are conducted on a machine equipped
with an Apple M3 processor and 16 GB of RAM, using the
Julia 1.10 programming environment. IPOPT 1.10 is used to
solve nonlinear programming (NLP) models, MOSEK 11.0 is
used for SOCP, and GUROBI 12.0 is used to solve LP models.

A. Small instance analysis

We use the pglib_opf_case3_lmbd__api instance to
illustrate the detailed procedure of our algorithm. Figure 1
illustrates the evolution of the bounds for each transmission
line in this 3-bus system throughout iterations. Note that here
we only add arctangent envelopes as the valid inequalities in
the second iteration.

Line 1 Line 2 Line 3
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120 10 1.05
1.00 R
0.80 0.70 0.70 0.72 0.72 0.70 0.70
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_0200'23456739‘0012345673910 0123456782910
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Fig. 1. Bounds of c,s variables on transmission lines for 10 rounds of

combined bound tightening of a 3-bus system

From the iterative process, we observe that the most signif-
icant tightening of bounds occurs in the first iteration, driven
by the SOCP relaxation. After the first iteration, the bounds
continue to improve gradually over subsequent iterations.
This additional tightening is attributed the effect of updating

McCormick envelopes. While the magnitude of improvement
diminishes with each iteration, the bounds converge steadily.

B. Performance of valid inequalities

To evaluate the effectiveness of different valid inequalities,
we apply our iterative tightening framework while incorpo-
rating various types of valid inequalities beginning from the
second iteration. The experiments are conducted on all PGLib
benchmark instances with fewer than 500 buses.

Among a total of 19 test cases, 3 instances are infeasible
during the bound tightening process and are therefore excluded
from the analysis. For the remaining 16 feasible instances, we
compute the optimality gap (OptGap) between the relaxation
solution and the local optimum after each iteration. The local
optimum (LocalOpt) for each instance is obtained by solv-
ing the ACOPF model in polar form. Figure 2 summarizes the
average gap reduction achieved over the iterations for different
types of valid inequalities, enabling a direct comparison of
their impact on tightening the relaxation.

65.0%
60.0%
55.0%
50.0%
45.0%

40.0%
3.8%
32.8% 32.6% 32.6%

8.6%28.2% 28.2928.1%

35.0% 32.6%

28.1%

30.0% IL.T%

25.0%
20.0%
0 1 2 3 4 5 6 7 8 9 10

—no cut -e-reverse cone cut -e-arctan cut -—ring cut

Fig. 2. Average optimality gap in 10 rounds of combined bound tightening
with different valid inequalities

Figure 2 shows that the iterative tightening procedure
converges within 4 to 6 iterations, after which the average
optimality gap remains stable. When comparing the impact of
different valid inequalities, we find that ring cuts and reverse
cone cuts offer little improvement over the baseline with no
cuts, with final gaps stabilizing at around 32.6%. In contrast,
the arctangent envelope demonstrates a more substantial effect,
reducing the average gap from 32.6% to 28.1%. This indicates
that the arctangent cuts provide a significantly tighter relax-
ation. Therefore, in the following analysis, we keep the bound
tightening with arctangent envelopes as our main algorithm.

C. Performance of bound tightening

Noticeable, the tightened bounds obtained from the Mc-
Cormick relaxation can also be used to strengthen the original
SOCP relaxation. To evaluate the effectiveness of valid in-
equalities and bound tightening, we compare the optimality
gaps (OptGap) between various SOCP relaxations and the
local optimum (LocalOpt). The baseline model, denoted



SOCP, corresponds to the model described in II-B. Building
on this, SOCP_A augments the original model with arctangent
envelopes derived using the initial bounds of ¢;;, s;;. SOCP_B
incorporates the tightened bounds obtained after the bound
tightening procedure, without additional valid inequalities.
And SOCP_AB combines both enhancements by tightening
the bounds and also applying arctangent envelopes using the
updated bounds. The resulting gap comparisons are reported
in Table 1.

TABLE 1

OPTIMALITY GAPS (%) OF SOCPS RELATIVE TO LOCAL OPTIMUM
Instance SOCP SOCP_A SOCP_B SOCP_AB
case3_lmbd 6.607% 6.426% 5.406% 4.186%
case5_pjm 1.746% 1.746% 1.746% 0.132%
casel4_ieee 5.127% 5.127% 5.127% 2.516%
case24_ieee_rts 7.477% 7.477% 4.525% 0.755%
case30_as 44.601% 44.601% 44.558% 21.423%
case30_ieee 5.426% 5.426% 4.632% 1.052%
case39_epri 1.417% 1.417% 1.012% 0.325%
case57_ieee 8.197% 8.197% 7.244% 2.561%
case60_c 2.061% 2.061% 2.061% 1.662%
case73_ieee_rts 4.202% 4.202% 2.569% 0.894%
casel18_ieee 26.165% 26.154% 26.154% 16.429%
casel62_ieee_dtc 4.323% 4.321% 4.323% 4.255%
casel79_goc 8.272% 8.186% 8.272% 5.795%
case200_activ 0.018% 0.018% 0.018% 0.011%
case300_iece 0.944% 0.937% 0.944% 0.399%
case500_goc 3.647% 3.647% 3.609% 3.285%
Average 8.139% 8.121% 7.637 % 4.105%

The average optimality gap between the original SOCP
relaxation and the local optimum is 8.139%. Applying the
arctangent envelopes using only the original bounds yields a
tiny improvement, reducing the gap slightly to 8.121%. At
the same time, applying bound tightening alone reduces the
gap more noticeably, bringing it down to 7.637%. The most
significant improvement is achieved through the combined
application of bound tightening and strengthened arctangent
envelopes, which together reduce the average gap to 4.105%.

In summary, the arctangent envelopes are the most effective
among the tested valid inequalities. When combined with
FBBT, they significantly enhance the quality of the convex
relaxation, narrowing the gap to the local optimum and im-
proving overall relaxation strength.

V. CONCLUSION

In this work, we proposed a tightening framework that
integrates FBBT with various valid inequalities to improve
LP relaxations of the ACOPF problem. Among the tested cuts,
arctangent envelopes proved the most effective in reducing the
optimality gap, consistently outperforming the baseline and
other cut types, an observation also supported by [10]. When
combined with bound tightening, this method consistently
narrows the feasible region and strengthens the relaxation.
Applying the resulting bounds and constraints back to the
SOCP model further reduces the gap to the local optimum
from 8.139% to 4.105%. Overall, these results demonstrate
that integrating arctangent envelopes with bound tightening
provides a powerful and effective approach for improving
convex relaxations of the ACOPF problem.
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