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Abstract—This paper presents the results of a study of the
different alternatives that System Operators use to address the
reactive
power
flow
control
problem
in
transmission/subtransmission boundary transformers. The
control problem is formulated and solved using a conventional
OPF algorithm including additional constraints to keep reactive
power flows between imposed limits. The problems arising from
the inclusion of these new restrictions, along with the need to
distinguish between networks operated by different agents (TSO,
DSOs), are presented and discussed.

The control of the reactive power flow in boundary
transformers can be formulated as an OPF problem, where
limitations on such reactive power flows are incorporated as a
new constraint. The solution provides optimal values for
control variables that ensure that all technical and operational
constrains are satisfied, and that an objective function is
minimized.
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I.

INTRODUCTION

Voltage and reactive power control are usually classified as
ancillary services [1-7], establishing reactive power
requirements applicable to generators, transmission service
providers and consumers. Most of deregulated power systems
[8] also extend these issues to distribution network utilities, as
they are considered to be large consumers connected to the
bulk transmission network. This implies specific reactive
power flow constraints for any transformer connecting a
distribution network to the transmission network (boundary
transformers). In this way, NERC establishes these specific
rules as a set of recommendations [9], and, in a recent study
[10], CIGRE also underscores the importance of reaching
similar objectives in the management of reactive power in
power systems.
In this new paradigm, System Operators, either
transmission or distribution, must control transmission and
subtransmission networks in terms of reactive power flows in
boundary transformers, taking into account the new constraints
imposed. This paper is focused on how the SOs (TSOs and
DSOs) address the problem of controlling reactive power flows
in boundary transformers.
II.

PROPOSED APPROACH

Figure 1 shows a schematic diagram of a typical power
system. There are two areas, well distinguished according to
theirs voltage levels: transmission and subtransmission. Both
systems are connected by transformers which make up the
border (boundary transformers). Each area has different
controls to operate the corresponding network.
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Figure 1. Schematic diagram of a typical T/S power system.

III.

OPF FORMULATION

Assuming that the active power generation has been
scheduled according to electric market rules, it is possible to
minimize network power losses by properly adjusting, within
permissible limits, the control parameters at the System
Operator’s disposal, that is, generator voltage magnitudes,
transformer taps and switchable VAR sources. In this process,
constraints on certain dependent variables, i.e., bus voltages,
generator reactive powers and, particularly, reactive power
flows in transmission-subtransmission boundary transformers,
should be enforced as well.
The following optimization problem is proposed:
min f (X )
s.a.
h(X ) = 0
d (X ) = 0
V min ≤ V ≤ V max

(1)

T min ≤ T ≤ T max
Q min ≤ Q ≤ Q max
0 ≤ S 2 ≤ S max
K min ≤ TAN ≤ K max
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where:

X = [θ ,V , T , Q, Pij , Qij , S 2 , TAN ]t : Variables
f ( X ) : Active power losses (Objective function)
h( X ) : Network equations
d ( X ) : Inequality constraints

Case 4: Loss minimisation of the whole system including
reactive
power
flow
constraints
in
transmission/subtransmission transformers.
Case 1

Case 2

The last constraint, K min ≤ TAN φ ≤ K max , is imposed in
transmission-subtransmission boundary transformers. Usually,
the limits on the reactive power flow are established in form of
power factor or as a percentage of the active power flow in the
transformer. However, the formulation of this constraint in
terms of the ratio tan φ = Qflow / Pflow in each boundary
transformer simplifies the OPF problem formulation and its
solution, avoiding the use of binary variables.
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Figure 2. Test cases.

V. RESULTS
This section presents the results obtained in the IEEE RTS96 24 bus-network. This network has two voltage levels with 5
boundary transformers. The transmission level (230 kV)
includes 8 generators as control variables, and the
subtransmission level (138 kV) includes 3 generators, 5 OLTC
(the boundary transformers) and a reactor as control variables
(Figure. 3).
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IV.

TEST CASES

The presented cases in Figure 2 have been analyzed:
Case 1: Classical loss optimization, without reactive power
flow constraints, on the whole system.

230 kV
Bus 15

Case 2: Transmission network optimization without
considering subtransmission networks. The subtransmission
network is replaced by a set of loads at each boundary bus, PL
being the active power flow at the boundary transformer in the
base-case, and QL alternatively set as follows:
Case 2_1: QL = 0.33PL . This value of QL is the upper
limit of the permitted reactive power flow, i.e., the worst
case regarding reactive power flows. The transmission
system should supply part of the reactive power consumed
by subtransmission networks.
Case 2_2: QL = 0 . This value of QL is the lower limit of
the permitted reactive power flow, i.e., the most favourable
case regarding reactive power flows. The transmission
network does not provide or demand reactive power.
Case 3: Only the losses of the subtransmission network are
minimized, using controls located in this network, i.e., under
the control of the DSO. Controls located in the transmission
network are fixed to the values obtained in Case 2_1 or Case
2_2. Two alternatives are analysed:
Case 3_1: No reactive power flow constraints on
boundary transformers are considered.
Case 3_2: Reactive power flow constraints are imposed
on the OPF.

Bus 20

Bus 19

Bus 16

Bus 14
Bus 13

Bus 24

Bus 11

1

2

Bus 12
3

5

Bus 10

Bus 9

Bus 3

138 kV

4

Bus 6

Bus 4
Bus 5

Bus 8

Subtransmission
Bus 7
Bus 1

Bus 2

Figure 3. IEEE 24-bus network including two control areas.

The base case scenario was generated as in [11]. A winter
weekday (week 51, Tuesday) and flat-hour scenario has been
considered.
First, a comparison between cases 1 and 4 will be
presented. In these cases the whole system optimization is

performed, respectively excluding and including reactive
power flow constraints. Then, the results of performing partial
optimizations (i.e., separately optimizing the transmission and
distribution networks) will be presented.
A. Case 1 vs Case 4
First, the active power losses (objective function) will be
compared (Table I). Obviously, Case 1 is the optimal regarding
the losses as the whole system is optimized without reactive
power flow constraints. Besides, Case 4 provides better losses
than the Base Case but more than Case 1. This is due to Case 4
being more constrained than Case 1.
Table I. Active power losses of the whole system (p.u.).

problems in order to minimize system losses. Figure 5 presents
the generator voltage set-points. Note that subtransmission
generators (1, 2 and 7) would have a difference behavior in
both solutions, while the transmission ones behave quite
similarly. However, the control variables responsible for the
reorganization of reactive power flows between both
subnetworks are the transformers taps. This fact is shown in
Figure 6.
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Figure 5. Voltage set-points of generators.
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Figure 4. a) Transmission bus voltages; b) Subtransmission bus voltages.

One interesting result is the voltage profile obtained with
the different OPF formulations (Figure 4). Voltage limits are
set to 1.05 and 0.95 p.u. respectively. Note that voltages are
kept within limits, and that, in both cases, transmission
voltages are raised in order to reduce losses. Note, however,
that subtrasmission voltages can only be raised if no reactive
power flow constraints are included (Case 1). In Case 4,
voltages are even reduced in order to meet the additional
constraints. In fact, it is necessary to allow significant reactive
power flows between transmission and subtransmission
networks to make it possible to obtain an adequate voltage
profile on the lower voltage level.
From the point of view of system operation, it is interesting
to compare the required control actions provided by both OPF

Figures 7, 8 and 9 show the relevant variables in boundary
transformers (Q/P ratio or tangent variable, and active and
reactive power flows, respectively). The allowed tangent band
is fixed on 0.33 as upper limit, and 0 as lower limit. These are
similar to the ones imposed by the Spanish regulation [8],
being the most restrictive in terms of reactive power flows
between the networks operated by the TSO (400 and 220 kV)
and DSOs (132 kV and lower voltage levels).
Notice that the reactive power flow constraints are required
to obtain reasonable reactive power flow patterns in
deregulated power systems with separation of transmission and
distribution activities, as shown in Figure 7. In fact, only in
Case 4 all Q/P ratios are within limits. Indeed, active power
flows virtually do not change after modifying reactive power
flows (Figure 8), so reactive power flow limits on each
boundary transformers can be considered constants. In fact, the
same behavior observed in Figure 7 in terms of Q/P ratios can
be observed in Figure 9 in terms of reactive power flows.
As pointed before, voltages are even reduced in order to
meet the reactive power flow constraints, as can be observed in
Figures 4 and 9.

ba se case

Tang ent

Case 1

respectively) reaching their reactive power limits when a power
flow is run with the transmission optimal controls. This way to
act has led to the system to a situation in which two control
variables are no longer available for voltage control operation.
This fact could harm the operation in future emergencies
situations.
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The scenario obtained after transmission optimization is
taken as the initial scenario in case 3_2, in order to perform the
loss minimization process of the subtransmission system. The
generator on reactive power limits in the transmission system is
considered a PQ bus, i.e., its voltage is released and its reactive
power injection is set to the limit. The subtransmission
generator is kept as control variable because it is included in
the subtransmission system optimization as a control variable.
Under these assumptions the subtransmission optimization is
performed (Case 3_2), and the resulting scenario is compared
with Case 4.
First, the active power losses are analyzed. Table II shows
the improvement with respect to the base case and the
contribution of both voltage levels (transmission and
subtransmission) to the whole system losses. Note that, even in
a small network, there are significant differences in loss
reduction if the optimization is performed on the whole system
or by dividing the OPF problem into two sequential
subproblems. Notice that even the transmission losses increase
when both networks are optimized separately.

Figure 8. Active power flow in boundary transformer.

Table II. Active power losses (Case2_1-Case 3_2 and Case 4)
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In conclusion, to satisfy the reactive power flow constraints
between transmission and subtransmission (i.e., meshed
distribution networks), additional constraints must be imposed
in boundary transformers for short-term operation planning.
Indeed, the inclusion of new constraints in the optimization
process results in higher losses.
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Figure 10. Q/P ratio comparison between case 3_2 and case 4.
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B. Sequential optimization (Case 2_1 + Case 3_2 vs case 4)
In case 2_1 the loss minimization problem is first executed
in the transmission system. The distribution system is replaced
by virtual demands in the boundary buses. The OPF solution
corresponding to case 2_1 provides the transmission control
values, and they are considered fixed in subsequent distribution
system optimizations. It must be mentioned that the scenario
obtained by optimizing only the transmission network results in
two generators (in the transmission level and distribution level
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Figure 11. Tranformers tap values in case 3_2 and case 4.

Regarding the Q/P ratio in boundary transformers, both
cases presents values that satisfy the reactive power flow
constraints, as shown in Figure 9. Besides, voltage set-points of
generators are similar in both cases. The main differences
appear in transformer taps (Figure 11).
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new restrictions in the tools used for system operation
scheduling, traditionally the OPF with a loss minimisation
objective.
The results illustrate that the introduction of new reactive
power flow constraints on the formulation complicates the OPF
problem, though inevitable to satisfy the regulatory
requirements.
A logical consequence is observed in the values obtained
for the objective function, the network losses. As additional
constraints are imposed, greatest losses are obtained compared
with a centralized optimization of the whole network.
Another conclusion is that the whole system optimization,
including all control variables (transmission and
subtransmission) and even reactive power flow constraints,
provides better results than if the study is done in a sequential
way, considering transmission and subtransmission networks
separately. The advantages materialize in lower system losses,
better voltage profiles, and even to prevent the loss of
generators as voltage control variables.
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VI.

CONCLUSIONS

Several countries have imposed limits on the reactive
power flows between transmission and subtransmission or
distribution networks. This fact makes it necessary to introduce
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