Voltage and Congestion Control in Active
Distribution Networks Using Fast Sensitivity
Analysis

Khaled Alzaareer
Ecole de technologie supéricure
Montreal, Quebec, Canada

Claude Ziad EL-BAYEH
Concordia University
Montrea, Quebec, Canada

Abstract—Active distribution networks will meet new
challenges in voltage and congestion control due to the high
penetration levels of distributed generations (DG). Optimal
voltage control techniques are mainly based on the relation
between the network voltages and control variables (i.e. power
injection). Thus, in this paper, a centralized real time scheme
using a fast method for computing the sensitivity coefficients is
presented to control congestion and voltage problems. The
sensitivity coefficients of network voltages as well as the branch
line currents are obtained via direct analytical derivation. A
11KV, 75-bus distribution system including several DGs is used
to validate the proposed method. Simulation results show that
the proposed method is able to maintain the network voltages
and line currents within acceptable limits.

Keywords— Sensitivity analysis, distribution networks, voltage
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I. INTRODUCTION

The increase in the penetration levels of renewable
distributed generation connected to distribution networks will
cause a rise in network operational problems. The violations
in network voltages and branch thermal limits are the main
problems associated with integration of DG units. The
development of Smart Grid technology makes it easier to
propose a centralized scheme to control the voltage and
congestion problems. Voltage control methods are mainly
divided into centralized and decentralized schemes [1]. The
method proposed in [2] and [3] is one of the previous works
that deals with voltage problems in active distribution
networks through a centralized scheme. The method depends
on the model predictive control to obtain a global voltage
control. The methods in [4] and [5] deals with thermal
problems. The method is based on the “last-in first-off”
principle to control the congestion problems. The authors in
[6] proposed a control scheme for both voltage and thermal
problems. The approach is based on a sensitivity-based model
of the network. One of the disadvantages of centralized
scheme-based voltage control methods is that they require
high computing time. The sensitivity analysis method that is
used to find the sensitivity coefficients of network voltages
and branch currents with respect to control variables plays a
main role in the computation time. Voltage -control
approaches, even the recent ones, are mainly based on the
traditional methods for voltage sensitivity analysis [2], [7].
[8], [9]. The well-known sensitivity method is by using the
inverse of Jacobian matrix [10]. This sensitivity method
depends on the load flow study. However, the extracted
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sensitivities are required to be updated as the network
operating condition is changed. This increases the
computational time and, therefore, add a new challenge for
online voltage and congestion control in distribution networks
in the presence of DG units. Many other sensitivity
approaches are developed in the literature [11],[12],[13],[14].
However, these methods suffer from inaccuracy and/or low
computational speed.

In this work, an online voltage control method for active
distribution networks and based on a fast sensitivity analysis
is presented. The target of this work is to control both the
network voltages and congestion problems. The proposed
method keeps the branch currents smaller than their maximum
capacity when output power of DG units varies. For online
requirements, especially in the context of optimization
algorithms, the voltages and branch currents are evaluated
using an efficient computation for sensitivity analysis. This
paper is organized as follows. Section II presents the
sensitivity analysis to find the sensitivity coefficients of
network voltages as well as the branch line currents. Section
IIT formulates the optimization problem for the voltage control
considering the thermal limits. Simulation results are
presented in section IV while Section V states the conclusions.

II. THE PROPOSED SENSITIVITY ANALYSIS

Fig.1 represents a two-bus system where the load at bus 2
is P + jQ and the node voltage and current are V and I
respectively.
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Fig.1. Two-bus system.
The load at bus 2 (S) can be calculated as:

S=Vvr (1)

The node current I can be found in terms of the network
voltages according to (2).
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Where Y represents the network bus admittance , I and V
represent bus current and voltage vectors, respectively. N
represents the number of network buses. Accordingly, the
current I" of bus i can be expressed as

=)y 3)
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By substituting (3) into (1) and taking the derivative of (1)
with respect to the control variable u, we obtain :
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Where M is the number of PQ buses.

The expression in (4) can be extended for multi-bus systems

as:
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Where i denotes for the i PQ bus while u, represents the
x™ control variable. represents the partial derivative of the
complex power of bus i with respect to the x™ control variable.
represents the partial derivative of the voltage of bus i with
respect to the x™ control variable. V; represent the node
voltage of bus i and * denotes for the conjugate. In this paper,
the nodal injections of active and reactive power (i.e. the
power produced by DG units) are considered as the main
voltage controls for active distribution networks. Thus, the
partial derivates in (5) can be expressed with respect to real or
reactive power injected at the x™ bus (i.e.). The sensitivity can
be found as:

95 _ { 1 i=x 6)
dP, 0 otherwise
The sensitivity :% can be found as:
i_ j1 [ .x %)
a2Q, 0 otherwise

By performing (5) for each and solving the linear system,
we can obtain the partial derivatives of voltage (or voltage
conjugates). The voltage sensitivities can be obtained
according to the relation expressed in (8) as:

avl 1
du, Vil

d( e(V)) ](V)d(fm(V))) )

(R V) ————
X X
To consider the thermal limits in active distribution
network, it is necessary to find the sensitivities of branch
currents to the control variable u, . Since the branch current
can be expressed as we obtain that:
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The branch current coefficients can be obtained as:
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III. VOLTAGE CONTROL SCHEME
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In this study, the optimal control problem is formulated by
taking the advantage of computing the voltage and branch
currents sensitivity coefficients via a fast method. The
controlled variables are the network voltages and branch
currents while the controls are the active and reactive power
produced by DG units. The voltage control approach proposed
in this study is based on a multi-step optimization proposed in
[2] to smoothly correct the voltages over interval of n discrete
steps. This control scheme can be implemented in a control
center for a global decision. Since this work aims to minimize
the change in the power produced by DG units, the following
optimization problem can be used:

n-1
Obj1 = min lAQ(e +)IF + |l I (11.a)
k=0
n—1
0bj2 = minz 4P(t + k)2 + || 4Q(t + K12
k=0 .
+I e lIF (11.b)

Subject to:
—g A+ V™0 < |V + k) < |Vi|™2* 4 g,4

max
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AQ™M< AQ(t + k) < AQ, ™™
AP < AP(t + k) < AP,
P™™ < P(t + k) < P,
Q™" < Qu(t + k) < Q™

Where represents the vector of changes of real and reactive
power injected by DGs respectively. represents the vector of
slack variables. ‘A’ represents a unitary vector., F and H are
weight matrices used to distinguish between the expensive
and cheap variables. is the predicted voltage magnitude of
bus i given the measurements at time instant t. is the predicted
branch current. are the voltage sensitivities of bus i with
respect to the real and reactive power injections at the x" bus.
are the branch current sensitivities of line “ij” with respect to
the real and reactive power injections at the x™ bus. represents
the maximum current limit for the branch “ij”. are the real
and reactive power injected by the x™ DG, respectively. are
the change in real and reactive power injected by the x™ DG,
respectively. “min” and “max” denote for the minimum and
maximum limits, respectively.

In this work, the optimal voltage control is found firstly
according to the objective function in (11.a). If the network
voltages and branch line currents are brought back inside the
normal voltage range, then the DG units have sufficient



reactive power capability for control and thus no real power
curtailment is required. If not, the active power output by DG
units is needed according to objective function (11.b), to
avoid the violation in the voltages.

It is worth mentioning that the active power generated by
DG units are constrained by a capacity (in case of
conventional DG units) or weather conditions (in case of
renewable sources). Thus, the controller cannot request more
than the active power that is being generated. The reactive
power produced by DG units are considered cheap controls
while their output active power is considered expensive
controls and should not be requested unless the DG units fails
to control the voltage and congestion by injection reactive
power. Thus, active powers of the DG units have a high
weight to minimize their use. Voltage and current
sensitivities provide us the information of how much
changing active or reactive power produced by DG units can
affect the network voltages or line branch currents. Using the
sensitivity coefficients, the DG units which have higher
effects on the violated voltage are selected.

The node voltage and line currents constraints in (11) can
be obtained by performing power flow calculations with the
updated power changes of DG units. Thus, it is necessary to
reduce the consuming time of the frequent power flow
computations. For this purpose, the network voltages and line
currents are evaluated based on a voltage sensitivity matrix
without needing to use all the network data in the
optimization process. Reducing the calculation time is very
important for its real-time applications. Hence, the voltage
and current sensitivity coefficients obtained in section II are
used to update the network voltages and line currents as
follows:

m
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Where m is number of DG units is the measured voltage
magnitude of bus i. is the measured current magnitude of
branch “ij”.

IV. TEST SYSTEM AND SIMULATION RESULTS

In this paper, a 75-bus, 11 kV distribution system shown
in Fig. 2 is used to examine the proposed method. The
network consists of 22DG units and 53 load bus. The network
parameters and data can be found in [15]. This network and
the voltage control method have been simulated in

MATLAB/SIMULINK. MATLAB was also interfaced to
LINGO software to solve the optimization problem.

In this work, it is assumed that the maximum voltage limit
is 1.04 p.u while the minimum voltage limit is 0.98 p.u. Itis
assumed that the rating for DG units are 4MVA. The weights
for active power changes are set to be 40 times the weights
for reactive power changes. The weights for the slack
variables is 900 times the weight for reactive power changes.

The line branches in which the thermal limits are
considered in this paper are the branches that connect DG
units with the network. Indeed, the current variations can be
caused by reactive power changes of DG units. To take into
account the branch thermal limits, it is assumed that the
branch currents should be less than its acceptable maximum
value.

A. Case 1: undervoltages

In the first case, the load demands are assumed to be 100% of
their nominal values while DG units are operated at 10% of
their rated powers. This cause undervoltage at some network
nodes. In this case, the reactive powers of DG units are
enough to correct the voltage and congestion problems and,
thus, active power curtailment is not used. The sensitivities
of the network voltages and line branch currents with respect
to the real and reactive power output by DG units are
computed by (12) and (13) respectively.

Fig.3 shows the network load voltages without any control
and the controlled voltages by using the proposed control
method. The figure shows that the undervoltages have been
efficiently eliminated by using the voltage control method via
a fast sensitivity analysis method.
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Fig.2. Topology of the test network [2]
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Fig.3. Voltage profile among load buses of case 1 without including
thermal limits.

Figure 4 shows the reactive power changes of DG units in
order to solve the voltage and congestion problems. In
general, the voltage control method tries to utilize the most
efficient DG unit for voltage and congestion control with its
maximum possible capacity. If this is not enough, then, the
next most efficient units will be used. In this case, the most
violated voltage occurs at bus 1175. The nearest DG unit,
located at bus 1166, has the higher effect on the voltage at bus
1175. Thus, we can see from Fig. 4 that bus 1166 provides a
higher amount of reactive power than other DG units.
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Fig.4. The change in the reactive power output by DG units of case 1 without
including thermal limits.

It is worth mentioning that the branch thermal limits were
not violated and, thus, the same results will be obtained when
considering the thermal limits.

B. Case 2: Overvoltages

In this scenario, the load demands are assumed to be 10%
of their nominal values while DG units are operated at 90%
of their rated powers. A step increase of 5% of the Thevenin
equivalent voltage (i.e. the system is affected by a disturbance
in the high voltage side) is also done to make successive
overvoltage. This also causes a violation in the thermal limits
of some branch currents. In this scenario, reactive powers of
DG units are also enough to correct the voltages without
needing for changing the active power produced by DG units.
The sensitivities coefficients are also computed using (12)
and (13).

Fig. 5 shows the system voltages without any control and
the controlled node voltages by using the proposed voltage
control method. The figure also shows the comparison
between the voltages when considering/not considering the
thermal limits of the line branches. In this scenario, the power
absorbed by DG units causes a noticeable increase in the
branch currents so thermal limits of some lines are violated.

It can be seen from Fig.5 that the overvoltages at some
nodes have been efficiently eliminated. The figure also shows
that there is a difference in the controlled voltage when
considering / not considering the thermal limits. This is due
to the difference in the reactive power outputs by DG units
during the two cases: considering and ignoring thermal limits.

Figure 6 shows the reactive power changes of DG units in
order to solve the voltage and congestion problems. The
comparison between the changes in reactive powers when
considering/ ignoring the thermal limits are also illustrated.
By ignoring the branch thermal limits, some DG units can
generate the requested power up to its maximum power
capacity.
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Fig.5. Voltage profile among load buses of case 2 (with/without including
thermal limits).
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Fig.6. The change in the reactive power output by DG units of case 1
(with/without including thermal limits).

In this case, the voltage control method does not freely
employ DG units at the bus with the highest voltage
sensitivity index. The DG units are operated up to the branch



thermal limits. Then, the needed remaining amount of the
reactive power is supplied by other DG units. From Fig.5, we
can see that when the thermal limits are included in the
problem, a higher total amount of power is required to correct
the same violated voltages. This is due to fact that power
injection at a particular node has a higher impact on its
voltage than power injections at other buses.

According to the simulation results, we can conclude that
the sensitivity coefficients were successfully validated
through the optimization-based voltage control.

It is worth mentioning that this work uses multi-step
optimization since it is hard to obtain a feasible solution for
large networks by only one step optimization. However, the
dynamic simulation of multi-step optimization can be found
in [2].

V. CONCLUSIONS

In this work, a centralized method for voltage and
congestion control of active medium—voltage distribution
networks are presented. The method depends on the
sensitivity analysis to evaluate the network voltages as well
as the branch currents inside the optimization process. The
sensitivity analysis approach is fast and does not require to
update the sensitivity coefficients through power flow as in
Jacobian based method.

The results showed that the voltage control method is able
to determine the optimal changes of the power produced by
DG units in order to correct the network voltages while
maintaining the thermal limits of the network branches less
than their maximum limits. The proposed method is fast and
can be used in online applications of the system. It does not
require complex calculations and can effectively improve the
calculation efficiency. The voltage control method can also
effectively meet the need of the continuous variation of the
load and/or generation of the system.

The voltage control method can be extended in the next
works to include all control variables (as On-load tap
changers) in the control process. The performance of the
voltage control approach in the case of changing network
parameters and topology under different congestion types
will also be studied. The dynamic simulation for congestion
results is also one of our future targets.
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