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Abstract

This paper investigates examples of adverse dynamic
interaction between neighbor secondary voltage
regulation areas.
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1 - Introduction

This paper deals with the coordinated voltage control of
generation-transmission networks. This topic is gaining
increased interest from the scientific community (both
IEEE and CIGRE) and utilities worldwide. By
coordinated voltage control we mean a hierarchical
control system comprised of primary, secondary and
tertiary control levels. The primary control is performed
by the voltage regulators of generating plants,
synchronous and static condensers, which are usually
quite fast. The secondary voltage regulation (SVR) is a
slow acting (1 minute response), multivariable and
adaptive feedback control that changes the voltage
reference settings of the generator exciters in order to
promote a generator Mvar scheduling and regulate the
transmission system voltage profile. The tertiary voltage
control is usualy open-loop. It involves the use of an
optimal power flow with a customized objective
function to provide the operators (at about 15-minute
intervals) with suggestions on the optimum changes to
the settings of pilot node reference voltages and
participation factors (var-sharing) of the reactive power
Sources.

The different time scales for their responses inherently
ensure dynamic decoupling between these three
hierarchical levels of voltage control. However, once the
same electrical area contains two or more SVRs whose
pilot nodes are electricaly close, there is a risk of
adverse dynamic interaction and instability.
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This paper describes the adverse SVR dynamic
interactions that may exist in a 10-bus, 4-generator
tutorial system having two SVRs. The time domain
simulations show the dynamic performance of the
tutorial system and the SVRs.

2 - Hierarchical Voltage Regulation

Electric utilities in some European countries [1, 2] have
adopted coordinated control strategies that maintain an
adequate voltage profile at key regions of the system for
different loading scenarios. In North America, BPA is
investigating various possibilities for transmission-
based voltage control [3]. In Brazil, there has been
increased interest in investigating the benefits of
applying coordinated voltage control schemes [4] at
various levels.

Instead of relying only on the experience of the system
operators and imposing on them the full responsibility
for continuous voltage monitoring and control, voltage
regulation at transmission level may be more effectively
achieved with more automation and coordination among
the reactive control sources. The automatic control of
the voltage profile significantly contributes to the
enhancement of system security and power quality. The
coordinated voltage control resources and actions are
organized into three levels, known as “Primary”,
“Secondary” and “Tertiary” levels and also a forecast
level (referred to as “Forecast Studies'). The primary
and secondary levels are closed-loop controls, whereas
the tertiary level is generally open-loop, and based on
on-line optimal power flow studies.

Figure 1 shows a diagram of the coordinated voltage
regulation (CVR) hierarchical structure.
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2.1 - Primary Voltage Regulation

Involves fast acting automatic control on individual
equipment based on local measurements, with response
times ranging from 100 ms up to many seconds.
Examples, of fast acting equipment utilized in primary
voltage regulation:;

e Generators or synchronous compensators with
associated voltage regulators (AVR);
e  Static var compensators,

Examples of moderately fast to fairly slow equipment
utilized in primary control:

e Automatically switched capacitors and reactors
banks responding to voltage deviations from
nominal values,

e  Automatic tap changers;

2.2 - Secondary Voltage Regulation (SVR)

The purpose of SVR isto adjust, in rea time, manually
or automatically, the Primary Control reference points
(voltage, reactive power) and to take direct action on
various control resources as a function of system
reguirements.

Actions such as, distribution voltage reductions, tap
changer blocking and load-shedding on low voltage are
therefore involved. The requirement to minimize the
adverse interactions between the primary and secondary
controls primary actions and secondary actions, calls for
SVR response times larger than one minute.

2.3 - Tertiary Voltage and Reactive Power Regulation

Thisis areatively slow and manual control (cycle time
around 10 minutes or more), which relies on real-time
optimal power flow results.

Clearly, tertiary control response time depends on the
dispatcher's reaction time (manual control) or the time
required for calculating new reference values (computer
assisted manual control or automatic). This response
time must not be too long (avoiding network conditions
that are insecure) or too short (avoiding conflicting
actions with the primary and secondary controls).

3 - Test System and Control Scheme

3.1 - Test System

The test system is shown in Figure 2 and is comprised
by 10 buses, 13 lines, 4 generators and two loads. The
system datawill be described in this section.

The four generators have identical parameters except for
the MV A capacity. The generators at buses #1 and #101
are rated 50 MVA while those connected to buses #2
and #102 are rated 150 MVA. Their stator resistances
and mechanical damping constants are zero. All lines
are purely inductive and their reactances are given in
Figure 2. The loads are modeled as constant power.
Different values will be assumed for the impedance of
the line connecting the two load buses (#30 and #130).
This transmission line is the tie-line (intertie) between
Area 1l and Area 2 of the test system. As the impedance
for this intertie changes in the several power flow cases
studied, each case will be named after this parameter
(“0.01 pu intertie”, for example).
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3.2 - Control Scheme

The excitation control system model used in al four
machines is shown in Figure 3.
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Figure4  Pilot bus voltage control

Figure 4 shows the block diagram for the pilot bus
voltage control. Figure 5 shows the reactive power
control for the smaller machines, namely generator #1
and generator #101.
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Figure 6 shows the reactive control for the bigger
machines, namely generator #2 and generator #102.
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It is worth noting that when both the pilot bus voltage
control and the reactive power control are active, the
AVR voltage reference (V4 ) is the sum of two

components, as shown in (1).
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Reference [5] presents the complete diagram for the
secondary voltage regulation scheme used in each one
of the areas of the test system.

The speed-governors are represented in all four
generators by the model shown in Figure 7, whose
parameter valuesare R = 4% and Tg = 0.5 seconds.
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Figure 7 Speed governor

4 - Results for the Test System

4.1 - Power Flow Program Simulation Results

The power flow program ANAREDE [6] was used to
obtain the results shown in this paper. The program
FORM CEPEL [7] was used to prepare the power flow
tables shown in this paper. These results were obtained
for different intertie impedances. The symbols P and
Q denote active power and reactive power injections

respectively.

The tables presenting line power flow results use the
following acronyms. Bf (bus from), Bt (bus to), Circ
(circuit), P (active power), Q (reactive power), S
(apparent power), | (line current).

Table 1 shows the bus power flow results for a 10 pu
intertie. Table 2 shows the line power flow results for
the same 10 pu intertie.

Tablel  Bus power flow results for a 10 pu
intertie
Bus Voltage Generation Load
Magnitude | Angle P Q P
(p.u) (deg) | (MW) | (Mvar) | (MW)
1 1.0217 0.0 30.1 9.0 0
2 1.0217 37 90.0 17.1 0
10 1.0058 -34 - - 0
20 1.0118 0.2 - - 0
30 1.0000 -9.5 - - 120
101 1.0225 0.0 33.9 9.5 0
102 1.0232 33 90.0 18.0 0
110 1.0062 -3.8 - - 0
120 1.0128 -0.2 - - 0
130 1.0000 -101 - - 124




Table 2 Line flows for a 10 pu intertie
. P S [
Bf | Bt | Circ | ymw) (M(\?ar) MVA) | (kA
1 10 1 30.1 9.0 314 | 308
2 20 1 200 | 171 916 | 897
10 20 1 | 450 [ -29 451 | 448
10 20 2 | 40 ] -29 451 [ 448
10 30 1 60.1 6.5 604 | 60.1
10 30 2 60.1 6.5 604 | 60.1
30 | 130 1 0.1 0.0 0.1 0.1
101 | 110 1 33.9 95 352 | 344
102 | 120 1 200 | 180 018 | 897
110 | 120 1 | 450 [ -34 451 | 448
110 [ 120 | 2 | -450 | -34 451 [ 448
110 | 130 1 61.9 6.9 623 | 619
110 [ 130 | 2 61.9 6.9 623 | 619

Table 3 shows the bus power flow results for the 0.01
pu intertie and Table 4 the line power flow results for
the 0.01 pu intertie.

Table 3 Bus power flow results for 0.01 pu
intertie
Voltage Generation Load
Bus " Magnitude | Angle 3 Q P
(p-u) (deg) | (MW) | (Mvar) | (MW)
1 1.0221 0.0 32.0 9.2 0
2 1.0224 35 900 | 175 0
10 1.0060 -3.6 - - 0
20 1.0123 0.0 - - 0
30 1.0000 9.8 -- -- 120
101 1.0221 0.0 32.0 9.2 0
102 1.0225 35 900 | 176 0
110 1.0060 -3.6 - - 0
120 1.0123 0.0 - — 0
130 1.0000 9.8 - — 124
Table4  Line flows for 0.01 pu intertie
. P S [
Bf | Bt | Circ | ) (Mgar) MVA) | (kA
1 10 1 320 9.2 333 | 326
2 20 1 900 | 175 917 | 89.7
10 20 1 450 | -31 451 | 448
10 20 2 450 | -31 451 | 448
10 30 1 610 6.7 613 | 610
10 30 2 61.0 6.7 613 | 610
30 [ 130 1 2.0 0.0 2.0 2.0
101 | 110 1 320 9.2 333 | 326
102 | 120 1 900 | 176 917 | 89.7
110 | 120 1 450 | -31 451 | 448
110 | 120 2 450 | -31 451 | 448
110 | 130 1 610 6.7 614 | 610
110 | 130 2 61.0 6.7 614 | 610

As shown in Table 2, for a 10 pu intertie there was no
power interchange between the two areas. For the 0.01
intertie (Table 4) the active power flow was dlightly
increased (2 MW).

4.2 - Transient Stability Program Results

The transient stability results were obtained with
program ANATEM [8], developed by CEPEL. The
work reported in this paper investigated conditions that
lead to adverse interactions between different secondary

voltage regulation controls. Several simulations were
performed on the test system to study this phenomenon.
There are two main effects that can be observed in the
simulations: one related to the electromechanica
phenomena and the other associated with the SVR
dynamics. The disturbance was applied after 10 seconds
of simulation and chosen so as to excite most the
adverse interaction modes between the two SVRSs,
comprising a positive 5% step at the reference of the
SVR controlling the voltage of the pilot bus #30 and a
negative 5% step at the reference of the SVR controlling
the voltage of the pilot bus #130. The results are shown
in the various plots below.

Figure 8 to Figure 12 show the results for the 0.01 pu
intertie. Figure 8 shows the unstable voltage oscillations
at the pilot bus #30 and Figure 9 shows the unstable
voltage oscillations at pilot bus #130.
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Figure 10 shows the terminal voltages and Figure 11 the
field voltages for all four generators.
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Figure 12 shows the active power flowing across the
0.01 pu intertie.
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A definite proof that the instability detected in the
previous results is related to the adverse interactions
between the SVR schemes may be obtained by
disconneting the two SVRs and repeating the
simulation.

The following results were performed by turning off
both SVR schemes and applying a positive 5% step at
generators #1 and #2 and a negative 5% step at
generators #101 and #102. The system remained stable,
confirming that the cause of the previously detected
instability was the adverse interactions between the
SVR schemes.

Figure 13 shows the voltages at buses #30 and #130.
After the applied disturbance, the voltages do not return

to the initid value since the secondary voltage
regulation loops are turned off.
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Figure 14 shows the active power flowing across the
0.01 pu intertie.
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Another proof that instability occurs due to adverse
interactions between the SVRs is obtained with
simulations for the case where only one SVR (pilot bus
#30) is modeled. Figure 15 to Figure 18 show stable
results when considering only one SVR.

Figure 15 shows the voltage magnitudes for the pilot
bus #30 and the load bus #130, following a positive 1%
step at the reference of the SVR for Area 1, controlling
the voltage of the pilot bus #30
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Figure 16 shows the terminal voltages for al four
generators.
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Figure 17 and Figure 18 depict the active and reactive
powers flowing across the 0.01 pu intertie.

T T T T T 1
| | | | | |
| | | | | |
= | | | | | |
dL) | | | | | |
| | | | | |
%. e e i At B S|
o | | | | | |
2 T T R
8
<
| | | | | |
| | | | | |
| | | | | |
50 60 70 80 90 100
Time (s)

Active power flowing across the
0.01 pu intertie

1041 - -

1,021 - -

Voltage (pu)
-

Time (s)

Voltage at pilot bus #30 without
PSS (0.5 pu tieline, no PSS)

Figure 20 shows the voltage of pilot bus #130 for the
system without PSS.

Figure 19
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Figure 21 shows the generators terminal voltages for the
system without PSS.
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The results shown from Figure 19 to Figure 25 were
obtained for a case having a 0.5 pu intertie. The
disturbance applied isa 20 MW load increase at bus #30
and a30 MW load increase at bus #130.

The Figure 19 depicts the voltage of the pilot bus #30
for the system without PSS. It is evident that there is a
dightly unstable oscillatory mode. These growing
oscillations are, however, not related to the SVR scheme
but to an unstable electromechanical mode. When PSSs
are added to the system generators, this instability
ceases to exist and the system oscillations become well-
damped.
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Figure 22 shows the active power that flows across the
0.5 pu intertie for the system without PSS.
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Figure 23 to Figure 25 show the results for the system
with PSSs added to all four generators.

Figure 23 and Figure 24 show the voltages at pilot buses
#30 and #130 which now show well-damped
oscillations due to the PSS action.
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The Figure 25 shows the active power flowing across
the 0.5 pu intertie for the system equipped with PSSsin
all four generators.

Figure 24
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Other simulations with different applied disturbances
were performed, such as load increase and switching
shunt devices and the system incorporating the two
SVRs proved to be robust and stable.

4.3 - Fast Simulation Program Results

The results presented in this section were obtained with
an improved version of the fast simulation tool
described in [9-11]. This type of simulator [9-11] only
captures the mid- and long-term voltage dynamics. The
electromechanical dynamics and the fast voltage control
dynamics are assumed stable and instantaneous, the
fina equilibrium point associated with this fast
dynamics being represented by a set of agebraic
equations. The power system frequency and
electromechanical dynamics are neglected. The fairly
slow dynamic behavior of the SVR scheme is modeled
by differential equations.

The set of nonlinear equations to be solved are given
below:

y=0=9(y,x,z,w)
x=0= f(y,x,z,w)
24 (k+1) =hy (Y, % 24,2, (K)) @
Z, =hc(y,X,Zd,Zc)

Where:

y Represents the algebraic variables (e.g., bus
voltages and angles);

X Represents the short-term state variables
(e.g., machine internal voltages);

Z4 Represents the mid and long-term discrete

state variables (e.g., tap position);

Represents the mid and long-term

continuous state variables (e.g., variables

associated with the SVR dynamics).

Figure 26 to Figure 29 show results for a 10 pu intertie
considering the following disturbance: a positive 5%
step at the reference of the SVR controlling the voltage
of the pilot bus #30 and a negative 5% step at the
reference of the SVR controlling the voltage of the pilot
bus #130.
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Figure 32  Field voltage (0.01 pu intertie)

Figure 33 and Figure 34 show active and reactive
powers flowing across the 0.01 intertie.
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Figure 33  Active power flowing across the

0.01 pu intertie
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0.01 pu intertie

5 - Conclusions

Attempts to perform independent AGC flat frequency
control in the two areas of the test system, without MW
interchange control for a 0.01 pu intertie, would
similarly result in AGC adverse interactions and
possibleinstability.

By analogy to the MW-interchange control, a Mvar
interchange control could also solve the observed
instability for the 0.01 pu intertie when having two
SVRs. This has been aready proposed in [12] but
appears not very practical or only to be used in specia
Cases.

The fast simulation tool captured the instability
associated with the adverse interactions between the
SVRs. This was expected, as the fast simulator
adequately models the SVR dynamics.

Results obtained from a transient stability program
(ANATEM) and the fast simulator (COPPE/CEPEL
Matlab code) showed very good agreement.

Future work will include small-signal analysis (PacDyn)
for linearized studies and design of coordinated
controls.
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