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Voltage control in power networks includes three
hierarchical control levels; primary voltage regulation
(PVR) ,secondary voltage regulation (SVR) , and ter-
tiary vltage regulation (TVR)''™*/.

Typically, SVR consists on controlling the voltage
of a given “pilot” node/bus in the voltage control area
through hardware that dynamically adjusts the set
points of the area PVR controls at a “slower” speed.
One of the main issues with SVR is the determination
of the voltage control areas and associated pilot bu-
ses'') | since as voltage control areas change with sys-
tem conditions and/or growth, the voltage control areas
and associated pilot buses need to be properly rede-
fined. Hence, a more flexible approach to SVR that
readily adapts to system changes is needed. The OPF-
based SVR + TVR methodology proposed in the current
paper addresses this particular issue, since the method
is basically software based.

TVR concerns the determination of “optimal” set

points for the SVR pilot buses based on centralized
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OPF computations, which periodically (typically every
30 min—1 h) adjust the pilot buses’ set-points to, for
example, minimize system losses or maximize system
loadability' " .

The proposed SVR + TVR technique integrates the
TVR into an OPF problems solved every few seconds,
“relaxing” the inequality constraints of the associated
optimization model by neglecting certain operating lim-
its that are not quite relevant to the voltage control
problem. Thus, in the present work, the SVR and
TVR are basically combined into one control scheme in
which Maximum Loadability (ML) OPFs are solved in
real-time (every 30 s), directly yielding the optimal
set points of the PVR controls for the given system con-
ditions for each region. This OPF approach, as with
“standard” SVR and TVR approaches, results in an
increased loading margin and associated enhanced sys-
tem voltage stability””*'. The OPF problems are solved
using an interior-point method approach given the dem-
onstrated computationally efficiency and robustness of

this optimization solution method"*’.
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1 SVR and TVR Background

As explained in detail in reference''’, SVR is
based on dividing the large power system into several
voltage control regions, with the voltage magnitude of a
“central” load bus, referred to as pilot node/bus, be-
ing coordinately controlled by a selected set of genera-
tors in the region. The main objective of SVR is to
control the pilot bus voltages by basically adjusting the
set points of the regional generators’ AVRs in a coordi-
nated way with respect to their reactive power reserves.
TVR complements SVR by periodically defining the pi-
lot bus voltage set points for all voltage control regions
based on centralized OPF studies.

In the Italian system''""' TVR is realized
through a periodically run OPF, defining the optimal
voltage set-points at the SVR pilot buses. The SVR is
realized by means of reactive voltage regulators
(RVRs) , which directly control the voltage magnitude
at the regional pilot nodes, and Q ( Reactive Power)
Regulators (QRs) , which using a regional ¢ level sig-
nal ( -1 < ¢ < 1) from the RVR controls the reac-
tive power ( Q) levels for each participating generator
in the region with respect to its Q-limits ( Q) , modif-
ying the set-points of the AVRs to produce effective re-
active power support. The RVR and QR are illustrated
in fig. 1, where V,, represents the reference pilot bus
voltage set by the Control Center; X, represents the

generator’ s transformer reactance; X, is the equiva-

eq
lent reactance between the generator plant’ s bus and
the pilot bus, which can be readily computed from the
bus impedance matrix (the inverse of the bus admit-
tance matrix) ; T, is the QR Pl-block time constant,
which is typically set to 5 s; Q is the generator’ s re-
active power output; and Qg stands for the generator

reactive power maximum or minimum limit, depending

on whether the generator is over-or under-excited, re-

spectively. The K, and K| parameters of the PI-blocks
are calculated as follows:

Ky = 1/(QuXog) (1)
K = (1 +KQuX)/(T,0uX,)  (2)

where T, is a time constant typically set to 50 s.
Besides the obvious clustering of buses by geo-
graphical location, there are various other techniques
to identify the voltage control area and their associated
pilot buses. In reference[ 12 ], two techniques are pro-
posed for grid decomposition, namely, the bus imped-
ance matrix and sensitivity coefficients representing
how voltage variations on one bus affect another bus.
Therefore, the voltage control areas are affected by
both system topology and conditions, and hence these
areas change dynamically during system operation,
which is an issue with the current SVR approaches,
which assume that these areas remain fixed. This parti-
cular problem is addressed by the proposed SVR + TVR

technique, as discussed next.

Power Grid

Fig. 1. Generator SVR controller scheme used in the ltalian system

2 Proposed Voltage Control Scheme

As mentioned in the first section, the proposed i-
dea is to replace the SVR and TVR by OPFs that are
solved at regular time intervals comparable to the time
response of “standard” SVR controls (e. g. every 30
s); the solution of these OPFs define the reference

voltages of AVRs periodically. The OPF model consid-
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ered here for the proposed SVR + TVR control is the
following ML approach' "/

max Loading Margin = A

s. t. g(V,8,0.,A,K;) =0
Qiinin S Qi S Qginn» Vi € G
Ve =V, <V, Vien

(3)
where ¢ and B stand for the set of generator buses
and system buses, respectively; g( +) corresponds
to the standard power flow equations; V stands for
the vector of unknown bus - voltage magnitudes; and
8 is the vector of unknown bus — voltage angles. The
variable A stands for the loading factor and K is a
variable used to model a distributed slack bus
approach, as per the following general definitions:

P, = (A +K;)Pg,

Py = AP, (4)

QL = A0,
where P, P;, and Q,, represent the base values of
active power generation, and active and reactive
power demand, respectively, which in the proposed
scheme correspond to the generation and load values
obtained from a state estimator (SE) at the time
when the OPF solver is activated.

It is important to highlight the fact that in this
optimization model, no other limits such as generator
active power limits or transmission — line limits,
which are typical operating limits considered in
standard OPF models, are taken into account, since
these limits are not that relevant to the voltage
control problem at hand.

Figure 2 illustrates the overall structure of the
proposed scheme. Observe that measured data from
a SCADA system are sent to an SE, which provides
on-line estimations of required system variables.
These data are fed into the regional OPF solvers to
compute the optimal control actions. The Clock

signal controls the time intervals at which the OPF is

solved.

SE SCADA measurements Power Gri
Grid configuration
"ML OPF T o
: > Regional | |V,
- » OPF solver| | AVR
Ontline data '
| TClock !

Fig. 2 Overall structure of the proposed SVR + TVR scheme

3 Results

Numerical comparisons between the “classical”
SVR with TVR controls, and the proposed regional
SVR + TVR schemeare are presented. The test
systems discussed here is the New England 10 -

14 . . . .
U4 Time domain simulations

[15]

machine, 39-bus system
are performed using PSAT
MATLAB toolbox for static and dynamic studies. All

, which is a popular

studies were performed on an IBM server with 4-Intel
Xeon 2.8 GHz processors with 32 GB RAM and
running 32-bit MS Windows.

Figure 3 depicts the simulation process of the
proposed control scheme, where S, stands for the
signal used to activate the optimization solver (every
30 s starting at 20 s), and S, is the signal used to
define the point at which the control set points are
changed (every 30 s starting at 30 s) ; this assumes
that the OPF can be solved in the span of 10 s. The
ML OPF model is solved using AMPL''® with the
interior — point — method solver KNITRO''"".

The generators were modeled using a 4th — order
model, with IEEE type-1 AVR and turbine governor

controls'™ .

A constant power (PQ) load model is
assumed to simulate step load changes and thus force
the system to a voltage collapse condition. It is
important to highlight the fact that these PQ load

models were used here since it was not possible to
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properly simulate base-load step changes as well as
load recovery processes, which are required to drive
the system to collapse'®’ | using existing load recovery
models such as those proposed in, for example'™’ | as
the base — load voltage is unknown in this process.
The pilot node is selected based on its short
circuit level, as explained in the first section, i.e.
the load node with the largest short circuit capacity
is selected as the pilot node; this results on Bus 20
being selected as the pilot bus. In this case, only
the generators connected at Bus 31, 32, 33, 34, 35
and 36 are assumed to participate on the SVR and
TVR controls, since other generators do not have a

significant effect on the pilot bus voltage.

! Time domain simulations!
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Fig. 3 Simulation process of the proposed control scheme
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Fig. 4 Voltage profiles at Pilot Bus 20

for Disturbance 1 in the 39-test system

The TVR process associated with the “classical”

SVR control approach defines the initial set point for
the pilot bus, since the TVR OPF model is typically
solved every several minutes (e. g. 30 minto 1 h) , as
per standard operating practices. The ML - OPF
model was used in the TVR scheme, assuming the
bus — voltage magnitudes to be within 1.1 and 0.9,
with the generator reactive power limits being defined
in the system database.

In the contingency case, the loads were
increased by 1% steps with respect to their base
value every second between 1 s and 9 s; this yields a
9% total load increase in the system in the span of 9
s. At 10 s, Line 8 — 9 was tripped.

Figure 4 illustrates the voltage magnitude
profiles at Pilot Bus 20 for the studied disturbance.
In figure 4,p.u.is the abbreviatipn of per unit.
Observe in fig. 4 (a) the voltage collapse when no
SVR and TVR controls are active. On the other
hand, figs. 4 (b) and (c) show the proper system
recovery when SVR and TVR controls are active,
with the proposed SVR + TVR resulting in faster
recovery and better overall voltage profiles, i.e.
higher voltages and lower oscillations.

Table 1 illustrates the proposed optimization
results for the ML - OPF approach. Observe the
varying set — points of the terminal voltages for the
generator buses (note that the actual set points of the
corresponding AVRs are higher due to their control
droop), which in most cases are significantly
different from the corresponding ones in normal
operating conditions; after the third OPF solution at
90 s, the system is practically recovered, and hence
the OPF solutions do not change. Notice that the CPU
times for solving the related OPF problems are all well
within the allowed 10 s solution interval, and no OPF
convergence problems were observed, as expected.

Table 2 illustrates the steady-state total reactive

power generation increments with respect to the
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initial generator outputs at normal operating
conditions for the different kinds of controls.

Observe that the classical SVR and TVR yield higher

outputs.

Table 1 Results of ML — OPF SVR + TVR Approach

Normal

Conditions 5,30s  S,60s 5,90 s +
A 2.185 1.698 1.677 1.671
CPU/s 0.016 0.016 0.015
Vo 1.048 1.100 1.100 1. 100
Ve 1.000 1.040 1.038 1.038
Vs 0.983 1.035 1.034 1.033
Vias 0.997 1.100 1.100 1.100
Vs 1.012 1.091 1.090 1.090
Viss 1.049 1. 100 1.100 1.100
Ve 1.064 1.100 1.100 1.100
Viy 1.028 1.100 1.100 1.100
Vias 1.027 1.100 1.100 1.100
Vo 1.030 1.084 1.084 1.084
Table 2 Total Qg Increments in Steady S
tate after Contingency
Classical SVR & TVR  Proposed SVR + TVR
AQg(MVar) 354 245

4 Conclusions

The combination of SVR and TVR controls
based on a regional and periodical ML. OPF approach
was proposed and discussed. The proposed approach
was tested and compared using the New England
10-machine 39-bus test system.

The  presented results and  discussions
demonstrate the feasibility and advantages of the
proposed combined SVR + TVR approach with respect
to existent SVR and TVR controls. Since the method
is mainly software-based, the voltage control areas

can be readily redefined to better reflect changes in

the system operating and/or topological conditions.

The voltage profiles at all buses are better overall,
with all voltages being maintained within required
steady-state limits; this is mainly due to the

periodical optimization of the system voltages.
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Secondary and Tertiary Voltage Regulation Based on Optimal Power Flows

HU Bo,C. A. Caiizares, LIU Ming-bo
(School of Electric Power, South China University of Technology, Guangzhou. 510640, P. R. China;
Dept. of Electrical & Comp. Eng. !, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada)

[ Abstract] A combined secondary and tertiary voltage regulation (SVR + TVR) methodology based on
real-time optimal power flows ( OPFs)is proposed to periodically update the generators’ voltage regulator set
points. A maximum loadability (ML) OPF approach is used for the proposed SVR + TVR control. The
presented technique is compared against a “classical” SVR control, where the pilot-bus set points are
determined by means of a ML-OPF-based TVR approach. Time domain simulations of the New England
10-machine 39-bus system for various operating conditions and contingencies are used to validate the proposed
SVR + TVR technique, and to demonstrate its advantages with respect to existent SVR and TVR approaches.
[Key words]| voltage stability secondary voltage regulation tertiary voltage regulation optimal

power flow maximum loadability



