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Abstract—This paper provides an assessment of candidate
voltage/reactive power control devices for distribution systems.
The recent trend toward Distributed Energy Resources (DERs),
and Distributed Generation (DG), in particular, is often based on
the rationale to support voltage and compensate for reactive
power closer to the end users. This situation calls for a
systematic approach to assessing alternatives for voltage control,
both old and new. In this paper we illustrate on a simplified
distribution network various voltage control devices, such as
DERs, DGs, Under-Load-Tap-Changing Transformers (ULTCs),
Static Var Compensators (SVCs), and SuperVar controllers. We
illustrate how their dynamic characteristics differ. Moreover, we
show that enhancing control logic of the existing controllers is
often as good as adding the latest hardware. In order for such
enhanced performance to be achieved a more involved system-
wide coordination is often necessary. The ultimate decision is
based on several criteria and it reflects trade-offs between the
complexity of devices, their cost and communications
requirements.

Index Terms—Distributed Energy Resources, Distributed
Generation, Voltage Control, Under-load Tap-Changing
Transformers, Shunt Capacitors, Electric Power Distribution
Systems, Nonlinear Control.

I. INTRODUCTION

AS the electric power systems continue to exhibit
vulnerability without adequate voltage/reactive power
support, there has been a renewed effort toward improving
their voltage control [6],[7],[1]. The recent report by Evans
[1] demonstrates that Distributed Energy Resources (DERs)
placed at the right locations and with the right characteristics
and operating profiles can improve the performance of an
integrated network, including both distribution and
transmission. The idea has been pursued that DERs could
support transmission voltages indirectly, in addition to
maintaining the distribution level voltages. These ideally
located, sized, and operated projects are referred to in [1] as
the “Optimal DER Portfolio” for a given system. The report
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claims that the grid benefits associated with such projects
are readily assessed and quantified.

In this paper we take a broader view than the one taken in [1].
In addition to considering strictly static voltage constraints
and their optimal levels, it is essential to understand the effects
of voltage control on system dynamics. The system must
remain stable in the face of load variations and robust with
respect to the unknown parameters. Such an assessment is
attempted in this paper. We study the effects of different
reactive power sources such as DGs, controllable capacitor
banks, SVCs and SuperVars on the dynamic response of a
simple distribution network. While only a radial network is
considered for simplicity, the results can be extended to
studies of meshed networks as well.

II. CAPACITOR BANKS

A. Fixed Capacitor Banks

We start by choosing a site for fixed capacitor banks in
support of static load. Fixed capacitor banks are one of the
most often used devices in power systems for reactive power
compensation / voltage support.

We consider an integrated transmission and distribution
network, consisting of eight (8) buses as shown in Fig. 1.
The line between buses 1 and 2 is a transmission line to
which a radial distribution network is connected. The base
voltage is 100 kV and bus 1 is considered as the slack bus.
Under normal conditions the objective is to maintain voltages
at the buses between 0.97 and 1.03 pu. Here we are interested
only in the feasibility of the solution, and not in optimization.
To assess the power flow feasibility, we increase the load at
each tier, until power flow no longer converges. The voltages
at all  distribution buses are outside the specified limits. In
particular the voltages at buses 2 to 8 are at unacceptable
values. To maintain the desired voltage profile we start by
adding a fixed capacitor bank to the bus at the end of the
transmission line.

We start by adding a large capacitor bank having a rating of
210 MVAR at a voltage of 1 pu. The voltage at bus 2 still
exceeds the desired limit. But the voltages at the other buses
are far below the lower limit. To increase these voltages to
within the desired limits, the size of the capacitor bank at bus
2 will have to be increased. But this will cause significant
over-voltage at bus 2.
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Next consider installing capacitor banks at the buses in the
lower tier, i.e. instead of a single capacitor bank at bus 2, we
install capacitor banks at buses 3 and 4. Consider two banks
rated at 70 MV AR at a voltage of 1pu, each, at buses 3 and 4.
Load flow results for this network indicate a similar outcome.
The voltage at buses 3 and 4 is higher than the acceptable
limit so we can not add more capacitors at these buses. But at
the same time the voltages at the buses on the next tier are
below the acceptable limit and this requires additional
capacitors to be added. So this is not a viable solution either.

Finally, consider adding capacitor banks only to the last tier
of buses. 24 Mvar banks are added to buses 5, 6, 7 and 8.
From the results of the load flow, it is noted that the voltages
at all buses are within desired limits. Further we see that the
total of the rated capacities of the capacitor banks in this case
is much lower than that in the previous two cases. This leads
to the conclusion that it is better to add reactive power
compensation closer to the loads rather than at the substation.

We arrive at this result since when we add reactive power
compensation closer to the receiving end of the line, rather
than the sending end, the reactive power flow in the network
is reduced more and hence the reactive power losses are
greatly reduced. This means that the reactive power support is
technically more effective if connected near the loads rather
than at the substation. The economics of having multiple
capacitor banks of small sizes spread across the distribution
system versus having few large capacitor banks at substations
is outside the scope of this paper. However, even if the basic
cost analysis led to the conclusion that it is more cost-effective
to have a few large capacitors, this solution may not be
technically acceptable, as illustrated above.

B. Mechanically Switched Capacitor Banks

Since load varies during the day instead of fixed capacitor
banks switched capacitor banks are used. As the load varies
the capacitors are switched on or off to adjust the voltage to
within the desired limits. The standard logic is to increase the
number of capacitor banks as the voltage decreases, but this is
not always the most effective [8].

To illustrate effects of the standard control of mechanically
switched capacitors, consider switched capacitor banks which
can be switched in steps of 6 MVar each, up to a maximum of
24 MVar at voltage 1 pu. at all buses in the last tier. The load
flow results show that the load at bus 5 reduces to the
minimum load, thus the voltages will increase due to over-
compensation by the capacitors. In such a case the capacitors
can be switched off so as to reduce the voltages at the buses,
to bring them within the desired limits.

Consider the case when the load at bus 5 drops to P=16
MW, Q=8Muvar. Then by switching off two of the capacitors
of the bank at bus 5 we obtain load flow results which indicate
that the voltages at the buses are closer to the desired range.

To achieve finer control of the voltages one could use

smaller steps in the capacitor banks.

III. UNDER LOAD TAP CHANGING TRANSFORMERS (ULTC)

A. Conventional Control Logic

Load voltages in a radial distribution network may also be
controlled by using under load tap changing (ULTC)
transformers. Consider an ULTC transformer (X=0.01)
connected at the end of the distribution line between buses 3
and 5, instead of the capacitor bank as a candidate voltage
controller to regulate voltage at bus 5, with the aim of keeping
it between 0.95 and 1.05 pu. With a tap ratio of 1.08 we
obtain the voltages at buses 3 and 5 as 0.9375 and 0.9511 pu
respectively. This indicates the basic problem with the ULTC
transformer. The voltage at its primary end drops significantly
below the limit. This is because the ULTC is not actually
supplying any reactive power when the transformer ratio
adjusts, but merely re-distributing the power from the bus at
the primary end of the transformer to the bus at the secondary
end. This means that reactive support now has to be provided
at the primary end by any suitable device, e.g. distributed
generator, capacitor etc.

B. Potential Operating Problems Caused by
Malfunctioning of Capacitor Banks and ULTCs

Several early voltage collapses have been related to the
malfunctioning of the ULTCs, in particular. Similarly,
unexpected instabilities have been observed when large
capacitor banks were placed to increase power transfer across
far electrical distances. Because of this, it is necessary to
assess next whether there is any voltage collapse seen at bus 5
when the load suddenly drops. The ULTC transformer is
placed between buses 3 and 5. Consider a load variation at bus
5. The load suddenly increases from P=28 MW, Q=14 Mvar
to P=32 MW, Q=16Mvar at time t=10 seconds. As a result of
this increase in load the voltages at the buses drop. The
voltage at bus 5 drops below 0.95 as shown in Fig. 2. The
ULTC controller is supposed to detect this and automatically
adjust its tap position to bring the voltage back to within the
desired range. However we see that the ULTC malfunctions
when it reacts such that a tap position increases to increase the
voltage as reactive power consumed increases, and vice versa.
This standard relay type control of the ULTC is a direct cause
of this instability.

This conventional relay type control is of the form [8].
a; (k+1) = a; (k) =d; £ (V; (K)-V;™)

where aj; is the tap position of the ULTC located between
buses i and j; V;j is the voltage at the secondary end of the
transformer; d; is the step size in the change of the tap position
during one operating cycle and f (V; - V;*') is the relay type
control function governing the operation of the ULTC, which
is given by
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I,  V-V>Av;
0, |V;-V|<AV,
-1, V- Vi <AV,

f(\]J - Vij =

At each tap position the transformer should also satisfy the
load flow equations.

A sequence of slowly changing directly controlled load
voltages via ULTC transformers can be viewed as slow
voltage dynamics. Approximate equations for such dynamics
are derived by combining the ULTC control function given
above and the load flow equations linearized around the initial
steady state voltages [8]. It is proposed in [8] and [2] that if
the control strategy takes into account network and loading
conditions instead of just the regulation of voltage values,
many problems could be avoided. From [8] and [2] we know
that the stability depends on the nature of the system Jacobian.
It was shown in this work that under certain conditions the
relay type control adds too large capacitance, and hence
system Jacobian does not remain positive definite, thus
leading to the unstable dynamics.

C. New Control Logic for ULTCs

To correct the problem related to the standard control logic
of ULTCs, [2] proposes a new control law. The new control
law has to use the information on the Jacobian matrix to
overcome present control problems. Variable structure system
control was suggested as one of the ways to deal with this
problem. The new control law uses the information about the
response nature of the system to control changes by adapting
to the sign change of the Jacobian. The control law suggested
in [2] is used to simulate a stable voltage dynamic, as shown
in Fig. 3.

IV. MODELS RELEVANT FOR CAPTURING INTERDEPENDENCE
BETWEEN CAPACITIVE SUPPORT AND AUTOMATIC VOLTAGE
REGULATORS.

In an actual power system operation, voltage related operating
problems may be very complex. They could evolve at several
rates and are generally a result of more than one cause. In
particular, an ultimate voltage collapse-related blackout can

be caused by a combination of: 1) power plants exceeding
reactive power generation limits and the Automatic Voltage
Regulators (AVRs) losing the ability to regulate terminal
voltage on the power plant; 2) the delivery losses being
excessive so that steady state stability limits are reached and
the power required by the load cannot be delivered; 3) by the
unacceptably large capacitors making the network primarily
capacitive, in which case an increase in power cannot be
counteracted by an increase in capacitive support (for the
fixed power load); in this case leading power factor is not
right, one needs a lagging power factor [7]; 4) by the ULTCs
malfunctioning, i.e. forcing the load to maintain fixed voltage
and, therefore, absorb constant reactive power even in the case

when there is not enough reactive power delivered, and/or 5)
a complex combination of any of these.

A. Small Signal Instability

[3] introduces the three conditions which should be
satisfied for the state variables relevant for voltage dynamics
to be small signal stable around an equilibrium point.

These conditions are:

1. OV/OE >0

2. OEw/0R:>0

3. 0ig/0Ey =-¢  &=small positive number

Where Ey is the field excitation voltage of the generator,

V. is the terminal voltage, i4 is the direct-axis current, R¢is
the feedback compensator state and E;’ is the voltage behind
the transient reactance.

Condition 1 requires that a positive increment in E’, results
in a positive increase in the terminal voltage.

Condition 2 requires that the excitation control have proper
control over the field voltage.

Condition 3 accounts for why Eg’ is responsible for the
unstable mode under some operating conditions.

In what follows we illustrate such cases. When we add
capacitors to the network we can increase the power transfer
capability of the power lines. But adding too large capacitors
can cause the network to be less stable. A capacitive network
may result in an operating condition which violates condition
3, as stated in [3].

The details of the capacitor banks connected to the last tier
of buses are as follows. Capacitors at buses 5 and 6 have
rating of 40 Mvar at a voltage of 1 pu; and those at buses 7
and 8 have rating of 30 Mvar at 1 pu.

Consider a small variation in the reactive part of the load at
bus 5. The load changes from P=50 MW, Q= 25 Mvar to
P=50 MW, Q= 24.80 Mvar. The voltage change at bus 5, due
to this small decrease in load, is shown in Fig. 4. We would
have expected to see an increase in the voltage at the bus since
there is a decrease in the reactive load. Instead we see that
there is large decrease in voltage at bus5. This is clearly a case
of small signal instability. [3] suggests that this is caused by
the violation of condition 3. (Resistive part of network as seen
by generator is negligible. Or the network is capacitive).

Moreover [3] suggests that a high exciter control gain may
result in small signal instability (condition 2). In order to
investigate what happens when the exciter gain K is reduced,
we compare the system response for different values of the
exciter gain. The system response for K=150 is shown in Fig.
4, and for K=1 it is shown in Fig.5.

We see from Fig. 5 that the voltage is stable, and does not
collapse. This illustrates the assertion in [3]. To correct the
above problem, [2] proposes a new control law. The new
control law has to use the information about the system
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Jacobian matrix to overcome the control problems.

B. Large Signal Instability

[3] states that a large signal voltage instability with terminal
voltage changing in an unbounded manner takes place only if
Ey’, the voltage behind the transient reactance, becomes large
signal unstable. For a load modeled as a constant impedance
load this may occur if the load is predominantly capacitive or
if the generator is under-excited.

Another possible case in which E;> may become unstable,
even with the network inductive in nature, is when the load is
modeled as a constant power load.

If the reactive power output limit of the generator is high
then the system will stay stable although some voltages may
be out of bounds of the desired voltage profile. But if we limit
the availability of generator reactive power then we can see
large signal voltage instability.

To illustrate this consider a load variation at bus 5. The load
changes from P=20 MW, Q= 10 Mvar to P=30 MW, Q= 20
Myvar.

The resulting voltage dynamics are shown in Fig. 6. From
Fig. 6, we see a stable transition to a new equilibrium point,
since the value of maximum field emf (Eg™) of the generator
is high.

However if the limit on the reactive power of the generator
is lower then the system may experience a voltage collapse.
Consider the following case where the E¢™ of the generator
is limited thus resulting in a limit on the reactive power
output. The result of this simulation is shown in Fig. 7. As
seen in Fig. 7, because of the limit on the field emf (i.e. on the
reactive power) we see that the voltage becomes unstable.

C. Control of Dynamic Voltage Problems

Dynamic voltage problems, often referred as the voltage
collapse, have been associated with bifurcation points.

Designing control for avoiding such problems has been the
subject of some recent research.

Various controllers proposed generally employ feedback
which is a dynamic function of the speed ®. Such control was
first used in designing the Power System Stabilizer (PSS)

It is suggested in [9, 10] that such controllers do not affect
the position of the saddle node bifurcation. Instead:

e One control law transforms a subcritical Hopf
bifurcation into a super critical Hopf bifurcation.
This is a non linear control which employs a cubic
feedback with measurement of .

e Another design involves changing the critical
parameter value at which the Hopf bifurcation

occurs by a linear feedback control.

However, a high gain linear feedback may destabilize
modes that are open-loop stable. This is shown in Fig. 4. Due
to the variation in load and the high gain the voltage becomes
unstable and settles to a new equilibrium at an unacceptably
low value.

Also in some situations a linear feedback which locally
stabilizes an equilibrium may result in globally unbounded
behavior. For a small feedback gain the bifurcation will
reappear at a different parameter value. This is demonstrated
in the simulation shown in Fig. 5. We reduced the gain, and
prevented the voltage from dropping to lower equilibrium.
The instability in now postponed and for the given load
variation the system remains stable.

V. COMPARISON OF DIFFERENT REACTIVE POWER CONTROL
DEVICES

A. Performance in Radial Networks
Finally we compare the performance of the following devices

which are used for reactive power compensation.
1. Fixed Capacitors
2. Static Var Compensation (SVC)
3. SVC with high gain and PID control.
4. SuperVARs [4]

1. Fixed Capacitors

With fixed capacitors of 24 Mvar connected to all the buses
in the last tier, we get the load flow resulting in voltages
within acceptable limits at all buses. Next consider a small
variation in the reactive part of the load at bus 5, at time t=100
seconds. The load changes from P=30 MW, Q=15 Mvar to
P=10 MW, Q=5 Mvar. The resulting voltage dynamics are
shown in Fig. 8. It can be seen that the voltage at bus 5 is
within limits but the voltages at buses 1 and 3 are very high.

2. Static Var Compensation

Next we add a SVC at bus5. Again we change the load
from P=30 MW, Q=15 Mvar to P=10 MW, Q=5 Mvar. The
resulting voltage dynamic shown in Fig. 9 indicates a voltage
spike due to the large drop in load. The SVC then adjusts to
reduce this voltage.

3. Static Var Compensation with high gain and PID
control

The first SVC model only has a low integral gain term.

The second “improved” SVC model also includes
proportional and derivative gain. Also the integral gain is
much higher. This gives a better performance than the first
model.
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Next we use the “improved” SVC instead. The results are
shown in Fig. 10.

Now we see that the voltage spike lasts for a much shorter
time (only about a tenth of the duration with the old SVC) and
hence will be ignored by the protection devices. This may be
“acceptable”.

4. SuperVar

SuperVar [4] is a Dynamic
Superconducting synchronous condenser.

As seen in Fig. 11 the voltage spike is reduced but there are
some oscillations that last for a few seconds.

To simulate the SuperVar, we have used the model for a
synchronous condenser, but modified it to match the
characteristics mentioned in [4]. The resistance and reactance
was set at a lower value than the synchronous condenser
model. Also the upper limit for the field emf and current was
set higher. These settings result in lower losses, and a better
transient response.

For further comparison of SuperVARs see [4].

High Temperature

5. Distributed Generator (DG)

The performance of the DG for reactive power
compensation is not as fast as that of the SVC or the
SuperVar.

However a DG also provides real power. This could be
useful in case the transmission lines/distribution lines are
working too close to their maximum limit.

B. Performance in Meshed Networks

Now we repeat the above simulations for the meshed
network. We connect buses 6 and 7 with a distribution line
(X=0.4 pu)

The results obtained are quite similar to those for the radial
network. Comparing the power flow results we see that due to
the new inter connection the benefits of the reactive power
sources are spread to buses 7 and 8, resulting in higher
voltages at those buses with the interconnect than without.
This means that for meshed networks the reactive power
control benefits adjacent buses also and not just the bus to
which the control is connected. Therefore, it makes sense for
customers close together to team up and invest in a device for
reactive power compensation.

VI. CONCLUSION

This paper provides an assessment of candidate
voltage/reactive power control devices for distribution
systems. The recent trend toward Distributed Energy
Resources (DERs), and Distributed Generation (DG), in
particular, is often based on the rationale to support voltage
and compensate for reactive power closer to the end users.
This situation calls for a systematic approach to assessing
alternatives for voltage control, both old and new. In this

paper we illustrate on a simplified distribution network
various voltage control devices, such as DERs, DGs, Under-
Load-Tap-Changing Transformers (ULTCs), Static Var
Compensators (SVCs), and SuperVar controllers. We
illustrate how their dynamic characteristics differ. Moreover,
we show that enhancing control logic of the existing
controllers is often as good as adding the latest hardware. In
order for such enhanced performance to be achieved a more
involved system-wide coordination is often necessary. The
ultimate decision is based on several criteria and it reflects
trade-offs between the complexity of devices, their cost and
communications requirements.

Unfortunately, there is very little documented field data to
provide evidence of what may have happened in the actual

operation during voltage control-related problems.
Moreover, it is difficult to relate field evidence to a
mathematical sub-problem of interest, with little of

speculation remaining controversial.

One fact is, however, for certain. As different combinations of
mechanically switched and fast power electronically switched
voltage controllers are being deployed, the possibilities for
unexpected problems of one or the other type are likely to
increase. The favorite example of the first author is General
Electric’s struggle some time ago to coordinate several of
these controllers in an electrically close area. In this paper we
recognize the overall complexity of the problem, and proceed
in steps by assessing sub-problems under well-defined
assumptions.
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Fig. 1. A simple distribution network.
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Fig. 8. Response of system with fixed capacitors, to change in  Fig. 10. Response of system with “improved” SVC, to change
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