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Abstract: Due to the recent advancements in the manufacturing process of solar photovoltaics (PVs)
and electronic converters, solar PVs has emerged as a viable investment option for energy trading.
However, distribution system with large-scale integration of rooftop PVs, would be subjected to
voltage upper limit violations, unless properly controlled. Most of the traditional solutions introduced
to address this problem do not ensure fairness amongst the on-line energy sources. In addition,
other schemes assume the presence of communication linkages between these energy sources. This
paper proposes a control scheme to mitigate the over-voltages in the distribution system without
any communication between the distributed energy sources. The proposed approach is based on
artificial neural networks that can utilize two locally obtainable inputs, namely, the nodal voltage
and node voltage sensitivity and control the PV power. The controller is trained using extensive data
generated for various loading conditions to include daily load variations. The control scheme was
implemented and tested on a 12.47 kV feeder with 85 households connected on the 220 V distribution
system. The results demonstrate the fair control of all the rooftop solar PVs mounted on various
houses to ensure the system voltage are maintained within the allowed limits as defined by the ANSI
C84.1-2016 standard. Furthermore, to verify the robustness of the proposed PV controller, it is tested
during cloudy weather condition and the impact of integration of electric vehicles on the proposed
controller is also analyzed. The results prove the efficacy of the proposed controller.

Keywords: photovoltaic; autonomous control; electric vehicles

1. Introduction

Most of the governments around globe have set ambitious targets for reducing carbon
emissions. In order to achieve these targets, a significant amount of small and medium
scale renewable energy resources need to be integrated into the power grids. Hence, the
traditional power systems are observing an ongoing transition that focus on environmental
concerns such as smart grid initiatives, etc. Considering the renewables as an integral part
of the power grids, the concept of unidirectional flow of power is not applicable anymore.
Furthermore, the solar power being available in abundance and easy to harvest energy
from, is allowing prominent integration of photovoltaic (PV) generators in power systems
and enabling bi-directional power flow [1].

Among various renewable energy resources, the PV panels and wind turbines (WT)
are considered as most suitable options for distributed power generation. Both the PVs
and WTs tend to provide an economic and environment-friendly solution, besides being
readily available [2]. However, the performance of these resources is inconsistent and is
highly dependent on climatic factors such as location, time of the day, weather, etc. Thus, it
is highly likely that the power generated through these renewable resources will not follow
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power variations in load. Consequently, introducing an uncertainty in the power quality
and reliability of overall power system [3–6]. A net negative demand may result in the
power system, due to inclusion of large number of renewables which can lead to voltage,
thermal and other technical problems [7]. Hence, a controlling mechanism is required for
all the system elements along with respective participants, to ensure effective integration
of renewables in the power distribution systems [8].

Different machine-learning based controllers have been developed in the recent years,
which are different in scope and objectives [9–12]. Artificial neural networks (ANN) are
used by researchers to demonstrate faster and more accurate maximum power point
tracking for solar PVs [9]. In [10], a multi-layer feed-forward ANN is used to improve the
power quality in a power system with wide-spread EV chargers. Neural network-based
vector controller is designed in [11,12] for the integration of residential solar PV with a
utility grid. This intelligent control mechanism has several advantages over conventional
controllers. These controllers are capable of mapping non-linear relationships and provide
accurate solutions for multivariable problems. Hence, ANN is used to construct the
controller used in this research work.

Active control strategies can be classified into model-based [13,14] or model-free [15]
from the perspective of network operation modelling. In addition, control schemes can be
defined as stochastic [16] and robust [17] when the relating uncertainties from renewable
generation and communication networks are taken into account. An important system
aspect is observability when classifying the control strategies. In this regard, approaches
can be grouped into centralized, decentralized and fully autonomous [18].

A centralized control scheme requires an extensive observation platform to remotely
monitor the distribution system parameters [19], lacking by current weaker or older dis-
tribution systems. Additionally, to process this huge amount of data, higher processing
computing resources are needed in the central control unit. This centrally processed data is
used to calculate power of the PV units. Therefore, this strategy turns out to be suboptimal
for distribution systems which lack established communication links [20]. While the decen-
tralized control procedures rely on reduced communication linkages, they also apply less
computational resources as reduced data is transacted [20]. In spite of that, the need for
communication networks, make these strategies less desirable.

Contrary to the presented strategies, autonomous schemes rely on locally available
information. In addition, these local controllers avoid nearby communication dependence
and are fast and less expensive to deploy. Thus, these techniques are most suitable solutions
pre-widespread communication dependence. Autonomous techniques also have better
thermal management since the amount of power curtailment reduce system components
congestions [21]. However, there is a highly non-linear relationship between PV’s output
and the system voltages.

In centralized and decentralized strategies, the system voltages are maintained by reg-
ulating PV’s active and reactive power outputs. However, in the literature, few autonomous
control schemes are discussed. For voltage regulation reference [21] employs a voltage
sensitivity concept to control PVs active and reactive power outputs. Although the concept
of voltage sensitivity-based regulation is promising but the sensitivity calculation method
is not robust enough to adapt to the system changes. Since configuration changes occur
frequently in a typical distribution system. Moreover, the PVs fail to contribute equally for
voltage regulation since the farthest PVs participate unfairly. Embedded inverter features,
such as volt/var and volt/watt curves, can also be put in service to regulate the voltages
in the absence of communication infrastructure [22]. In [23], optimal volt-var curves are
found offline for rooftop PV inverters which are connected in the system taking count of
load and PV’s active power scenarios. However, this approach has a major shortcoming as
it cannot integrate system changes. Additionally, the present optimal volt/var curves may
become worst due to resulting changes in the system configuration.

Generally, the rooftop PVs are installed to maximize the monetary profits and there-
fore, most of the PVs are installed with controllers that drive them towards unity power
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factor [24]. However, smart inverters are required to operate within a range of selected
power factors to support voltage regulation, as per the IEEE 1547 Standard for distributed
energy resources (DERs) interconnection [25]. Thus, all PVs should contribute equally
when system support is needed, especially during over-voltage events. In this context,
similar contribution from the PVs available at disparage locations in the distribution system
is called ‘fairness’. An autonomous PV controller is designed that ensures fairness among
the PVs, but it is limited to a small-scale distribution system [26].

In this article, a machine learning-based autonomous PV controller framework is
presented. The training data are generated for changing loading conditions to include
daily, monthly and yearly load variations. Nodal voltage and its sensitivity to changes in
the load are input signals to the controller and the determined output is the applicable
demand. The proposed controller thresholds the active power output of the PVs to maintain
the voltages within the allowable range as given by ANSI C84.1-2016 standard [27]. A
noteworthy feature of the proposed controller is ensuring fairness among PVs installed
at various locations in the secondary distribution system. A PV-rich test distribution
system is employed to evaluate efficacy of the proposed controller. Moreover, response
of the controller is further tested under cloudy weather and it fairly controls all the PVs
irrespective of their locations. To further test the robustness of the PV controller, many
EVs are connected in the network. Results show that the implemented controller regulates
the system voltages effectively. Moreover, all the PVs fairly contribute when the system
requires support. The following are specific contributions of this article:

(1) A communication-free PV controller is proposed that determines the power cap for
each PV based on the local measurements, such as nodal voltage and nodal sensitivity.

(2) The proposed controller effectively regulates the system voltages as defined by ANSI
C84.1-2016 standard without the need for any communication infrastructure.

(3) The most attractive feature of the proposed controller is to fairly control the PV power
outputs irrespective of their nodal placements in distribution system.

2. Proposed Methodology
2.1. PV Voltage Control

The proposed controller adjusts the power injection of the solar PVs to keep the
system voltage within an acceptable range. These PV power plants are connected at
various locations in the distribution system, some are closer to and others farther away
from the distribution transformer. Each of these solar PVs must be restricted to generate
power not more than the upper generation limit termed as power generation cap (PGcap).

In order to circumvent the communication requirements between the distributed solar
power producers, it is important to estimate the PGcap using local measurements only.
Although voltage at the point of connection (POC) is an important basis for estimating PG-
cap, but it is not sufficient. Because voltages of the different nodes may behave differently
to the power injections. Some of the nodes may violate the upper voltage limits, especially
when PV generates more than the connected demand. In this case, downstream or farther
nodes in the system will have higher voltages as compared to the nodes at the upstream.
In fact, the downstream nodes which are farther from the feeding point are more sensitive
to load/generation changes as compared to the upstream nodes. Therefore, the nodal
sensitivity can be used along with the nodal voltages, to regulate the power generated
by PVs. Moreover, the local voltage sensitivity can also be estimated remotely [18,20]. In
addition, the method for its computation is described by Algorithm 1.

Algorithm 1 uses the local nodal voltage (VPV), electric load (Pload) and the power
generated by the solar PV (Pgen). These inputs are used to compute the local voltage
sensitivity (δPV) for each instant. However, in some instances when the change in Pgennet
at a particular node is less than the threshold β, the sensitivity value is not updated because
these events may result in the incorrect sensitivity calculations. In fact, the change in
load/generation at a particular node would have more impact on the voltage of that
node as compared to the other nodes. So, if the sensitivity is calculated for the node
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during the instances when the change in load/generation is low at that specific node,
the change in the voltage at that node may have the more influence of the significant
changes in load/generation at the nearby nodes. Hence, these instances may result in
wrong sensitivity calculations and are ignored. A tuning parameter β is used to filter out
these values. Note that β may vary from one distribution network to another.

Algorithm 1 Proposed voltage sensitivity calculation

Input: VPV,t, VPV,t−1, Pgen,t, Pgen,t−1, Pload,t, Pload,t−1, δPV,t−1
Output: δPV,t
Variables: Pgennet,t, Pgennet,t−1
1: Pgennet,t = Pgen,t − Pload,t
2: Pgennet,t−1 = Pgen,t−1 − Pload,t−1

3: if
(

Pgennet,t−Pgennet,t−1
Pgennet,t−1

)
≥ β then

4: δPV,t =
VPV,t−VPV,t−1

Pgennet,t−Pgennet,t−1

5: else
6: δPV,t = δPV,t−1
7: End if

The value of the voltage sensitivity coefficient at any node and the respective voltage
at the POC, gives a good description of the nodes position in the distribution system.
Therefore, a machine learning-based approach is designed to use these inputs to determine
the PGcap fairly for all the solar power plant. Once the objective and input to the machine
learning-based strategy is identified, the strategy is further grouped in offline training and
an online application module as given in Figure 1.
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2.2. Create Voltage Regulation Database

For any machine learning algorithm to achieve good performance in online applica-
tion, the training set needs to cover operation conditions in the field. In this application,
this means realistic ranges of system loads (Lsyst) and solar power generations needs to
be simulated.

To generate a required data set, load is set at all the system nodes and then the PGcap
is found by an iterative process as shown in Figure 2. At the start, all the PVs are selected
to generate at their maximum rated capacity. Then, the power flow analysis is performed
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using a simulator and subsequently power outputs of PVs are reduced to the level that all
the system over-voltages are eliminated. This procedure is repeated for various conditions
of electrical load in the system to simulate load variations ranging from hours to seasons.
Based on the power flow results of each loading condition, the PGcap that needs to be
applied at each node is determined so that the acceptable voltage profiles are obtained.
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Furthermore, the additional training data points are required to train the controller’s
response to high voltage and low voltage scenarios. The high voltages may appear in the
system when the power generated by the PVs is greater than the PGcap at any particular
instant. Likewise, low voltages may occur when the PV power output is less than the
PGcap. These events are very common for the distribution systems with variable renewable
energy sources and load excursions. To imitate these events, power generated by the PVs
is varied and the power-flow is simulated for all the high/low voltage scenarios. These
sub-optimal power generations are represented by (m × PGcap), where m is a multiplier
and it is varied between mmin and mmax, as shown in Figure 1. Training data points for low-
voltage and high-voltage scenarios are obtained when m is less than 100% and greater than
100%, respectively. The response of the controller in these sub-optimal power generation
conditions is explained in Section 2.3.

Voltages of the nodes in the distribution system change differently with the changes
in power generations. For instance, consider the LV distribution system shown in Figure 3.
Houses available at different levels are connected to the nearby LV transformer. Note that
the transformer bus is regulated at the voltage of 1.01 p.u., as mentioned in Figure 3. In
addition, note that the house at level 1 is less sensitive to the changes in load/generation
as compared to the house at level 4. The voltages and sensitivities of these houses for
different power generations (m × PGcap), are shown in Figure 4. Note that the Figure 4
is plotted at a specific loading condition. It can be seen that the slope of the curve for
level 4 house is steeper than the curve of the level 1 house. That means, the house at level 4
is more sensitive when compared to the level 1 house. Another important fact is that
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when the generation (Pgen) becomes equal to the load (Pload), the net power generation
(Pgennet) becomes zero and the voltages of the nodes become the same as the voltage at the
transformer bus (i.e., 1.01 p.u.). For a specific loading condition of this example system,
Pgennet becomes zero when m = 50% as shown in Figure 4. It is important to note that this
event can happen at different loading conditions for smaller/bigger distribution systems.
It can also be observed from the Figure 4 that for the positive Pgennet (i.e., to the right of
the marked circle) the nodes with higher sensitivities have higher voltages than the other
less sensitive nodes.
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2.3. Training Controller Response

A neural network is a non-linear statistical model that endeavors to recognize under-
lying relationships in a set of data. It can represent the complex behaviors of natural or
engineered processes. They can adapt to changing input; so, the network generates the best
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possible result without needing to redesign the output criteria. Hence, a fully connected
multi-layer perceptron (MLP) neural network is used to design the control formula for the
PV power output. This network is trained with the generated voltage regulation database
to calculate the parameters associated with MLP neural network. The concept of transfer
learning is employed for optimal training of the controller.

In this ML approach, the inputs are the nodal voltages (V) and their corresponding
sensitivities (δ) and the output is the desired PV power generation (Pd

out). Both the inputs V
and δ, were obtained during the voltage regulation database generation. By design, the
database included the input points which represent the over/under power generation
(m× PGcap) instances. Now, to secure the stability of the system in these extreme scenarios,
the desired outputs of the controller (Pd

out) must improve the voltages in steps. For instance,
if the voltages are high then the controller is expected to reduce the power generation.
Similarly, for lower voltages the power generation needs to be increased. The relationship
between Pd

out and m × PGcap is calculated using (1).

Pd
out = PGcap[1 + αr(1 − m)] (1)

where
0 ≤ αr ≤ 1

mmin < m < mmax

Pd
out is the desired power output, PGcap is the power generation cap, m is the multiplier

and αr is the gradient of the controller response. Note that when the multiplier is 1, the
Pd

out becomes equal to PGcap. However, when the multiplier is not equal to 1, then Pd
out is

adjusted accordingly to improve the system voltages.
As mentioned earlier, the output of PVs may vary since they are highly variable.

Moreover, the output of neural network-based controller may vary a bit from the desired
power output depending on the input data. Hence, the data points must be generated in
such a way that the desired controller response is achieved. Note that αr is the parameter
that defines the behaviour of the controller response. It is important to understand that
if the value of αr is close to 0, then the controller output would not change significantly
during the extreme voltage conditions. In other words, the controller response would be
highly conservative. On the other hand, if the value of αr is close to 1, then the controller
output would quickly respond to the changes in the load/generation but may oscillate
between the extreme voltage conditions. Therefore, the best controller response would
be achieved when the value of αr is between 0 and 1. In this work, the best controller
response is achieved when the αr is set to 0.37. However, it may vary depending on the
controller requirements.

Let us demonstrate the controller behaviour as described in (1). Figure 5 shows the
relationship between Pd

out/PGcap and m (as defined in Equation (1)), with αr = 0.37. For
example, if the multiplier m is 160% (i.e., point A in Figure 5), then the voltage reaches to
1.078 p.u. at the downstream bus (i.e., level 4 house) as shown in Figure 4. Since the voltage
violation is severe, the controller would reduce the power output to 78%. Correspondingly,
the controller will move to the point B (see Figure 5) and the voltage would become 1.028
p.u. (see Figure 4). At the subsequent instants, the controller will move to 108% (i.e.,
point C in Figure 5). Eventually, the controller response will reach to PGcap (point D) and
regulate the system voltages within the allowed limits. It is important to note that the
controller will mostly operate in the normal range, that means, the data points generated
for the low/high voltages will be only followed during these extreme events.
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2.4. Neural Network Structure

In this control strategy only two inputs are used, namely, voltage and the nodal
sensitivity. Therefore, a small ANN structure is sufficient to be used for effective PV power
control. Figure 1 shows the general overview of the proposed control structure. The
purpose of the controller is to predict the PV power output depending on the inputs.

Note that the activation function of the output layer is linear, as provided in (2).
However, the sigmoid activation function, given in (3), is used in the input layer. The
associated weights and biases are represented by w and b, respectively. Moreover, N
represents the total number of neurons in the hidden layer.

Pout = ∑N
i=1 woutput

i × vi + boutput
i (2)

vi = tanh
(

winput
i,voltage × VPV + winput

i,sensitivity × δPV + binput
i

)
(3)

The network is obtained through training by using the Levenberg-Marquardt algo-
rithm. The training of neural network means adjusting the weights of layers and biases
to get the target values. During the training process, weights and biases are adjusted and
the target values are tracked continuously until the squared error between the actual and
the desired outputs is minimized. The performance function of ANN is the mean squared
error (MSE), as described in (4).

MSE(v) = ∑

Total
samples

j=1

(
Pout,j − Pd

out,j

)2
(4)

Neural networks have the ability to adapt to the distribution function and this makes
them more likely to find the non-linear relationships between the input measurements
and the output. Nevertheless, this ability to adapt may result in the neural network that
largely overfits the training data, producing the effect called ‘overfitting’ [28]. To avoid this,
a split of the data must be carried out between the training model and the test model (e.g.,
80%–20%), with the aim of obtaining low MSE on the test data. In this work, 80% of the
data is used to train the controller while the controller is tested on the rest of the 20% data.
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3. Test System

The distribution network used to test the effectiveness of the proposed PV controller is
shown in Figure 6 [20,29]. This is a balanced three-phase medium voltage (MV) system with
17 primary nodes. Where each node is connected to a low voltage (LV) radial distribution
system. The accumulated load and rated PV capacity at each of these LV systems is
300(60 × 5) kW and 560(140 × 4) kW, respectively. The system parameters of the primary
and secondary nodes are provided in Table 1.
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Table 1. Primary and secondary distribution system parameters.

Parameter Value

Primary conductor ACSR 2
Max. current for primary conductors 180 A

Distribution service transformer 150 kVA
Secondary conductor 350 Al, 4/0

No. of customers per node 5
PV capacity per secondary bus 140 kW

System frequency 60 Hz

Primary nodes have a three-phase 12.47/0.22 kV secondary distribution transformer.
Each transformer feeds 20 houses at each phase through five laterals, as shown in Figure 7.
The PVs are installed on four buses in the secondary systems, which are labelled as SB 02,
SB 03, SB 04 and SB 05 (see Figure 7). Note that the secondary systems connected to the
highlighted primary nodes in Figure 6 have solar PVs installed.
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The communication-free PV controller is installed with each rooftop PV. The voltage
regulation database (explained in Section 2.2) is used to train the controller to their respec-
tive output values determined by Equation (1) as mentioned in Section 2.3. Since there
are only two inputs and one output, a small ANN with 5 hidden neurons is chosen. This
network is trained using “nntool” in MATLAB. The network is obtained through training
by using the Levenberg–Marquardt algorithm. In this control strategy, the controller is
trained in such a way that it can be installed at any location in the distribution system. The
relationship between inputs and the output is shown in Figure 8. It can be observed that
there are four different groups of data points. These groups correspond to the different
levels of houses in the secondary distribution system. The red plane shown in Figure 8
shows the response of the neural network controller.
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4. Results and Discussion

The purpose of the proposed controller is to modulate the power injected by the
rooftop solar PVs connected in the distribution system. These controllers are expected
to regulate the system voltages within an acceptable range, defined by the ANSI C84.1-
2016 standard. Additionally, fairness among the distributed PVs is also an important
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requisite for customer satisfaction. The machine learning-based PV controller presented
in this article is designed to work in the absence of any communication linkages between
the controllers. The trained network only uses the local voltage measurements and the
sensitivity estimations as inputs (see Algorithm 1).

The test distribution system under consideration has loads on all the (17 × 5) = 85 sec-
ondary buses. A typical load profile and the average load profile of these loads are depicted
in Figure 9 for illustrative purposes. It can be noticed that the load is highly variable, this is
due to the on/off actions of various household appliances. These high load variations in
each LV node of the system will make the voltage regulation problem more challenging
and, hence, test the controller’s effectiveness in the abnormal or extreme conditions.
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The voltage regulation performances of different communication-free PV controllers
are compared and they are arranged in increasing order of their benefits. These control
schemes include, opportunistic maximum power point tracking controller, droop-based
and voltage-based on-off controllers and lastly the proposed PV controller. Note that,
considering space limitations, results are presented for some specific nodes. To present
node-specific results, two extreme nodes, i.e., Node-10 (upstream) and Node-7 (down-
stream), are selected since they can provide sufficient performance details.

4.1. Conventional System (i.e., without PVs)

In order to showcase the impact of increasing the solar power penetration in the
present electric power infrastructure, for comparison the test system without PVs is shown.
For this case, bus voltages of the secondary system connected to Node-7 and Node-10 are
shown in Figure 10.

It is clearly visible that there is not much of a difference between the voltage profiles
of the upstream and downstream MV nodes. The voltages of the downstream LV system
(Figure 10a) are only slightly lower than that of the upstream LV system (Figure 10b).
However, there is a significant voltage difference between the upstream and downstream
LV busses. Voltage of the upstream bus (i.e., SB 02) is close to 1 p.u. while the voltage at the
most downstream bus (i.e., SB 05) is much lower yet within the allowable voltage range
as defined by the ANSI C84.1-2016 standard. A bus connected closer to the MV/LV trans-
former (i.e., strong/upstream bus) is less sensitive to change in load than that connected
farther from the transformer (i.e., weak/downstream node). That is why, SB 05 has the
highest voltage variations. This elucidates the importance of voltage regulation for the
power sources connected to the LV busses.



Sustainability 2021, 13, 12208 12 of 22
Sustainability 2021, 13, x  12 of 22 
 

 
Figure 10. No PV system voltage profiles at (a) Node-7, (b) Node-10. 

4.2. Base Case (i.e., PVs without Any Controller) 
This case represents moderate levels of solar power integration with the system loads 

shown in the previous sub-section. The solar power is injected into the power system 
without any control. PV power profiles for a particular sunny day in the summer season 
is considered which is shown in Figure 11. In a sunny day during the peak sunlight hours, 
there is more energy being produced by the PVs than consumed by the loads. Hence, in 
this section the impact of this high penetration of widespread PVs in the distribution sys-
tem is studied. 

The base case voltage profiles are shown in Figure 12 with uncontrolled PV integra-
tion. The buses that are farther away from the transformer (i.e., SB 04 and SB 05) have 
voltage upper limit violations; however, buses that are closer to the transformer (i.e., SB 
02 and SB 03) have the voltages within the allowable limits. It is noteworthy to observe 
that the voltage at the downstream bus is much higher as compared to the upstream bus. 
However, it was much lower as compared to the upstream bus when no PVs were in-
stalled (see Figures 10 and 12). It is due to the fact that the downstream buses are often 
more sensitive to changes in the load and/or power generation when compared to the 
upstream buses. 

 
Figure 11. Real power available from the PV systems without controllers. 

Figure 10. No PV system voltage profiles at (a) Node-7, (b) Node-10.

4.2. Base Case (i.e., PVs without Any Controller)

This case represents moderate levels of solar power integration with the system loads
shown in the previous sub-section. The solar power is injected into the power system
without any control. PV power profiles for a particular sunny day in the summer season is
considered which is shown in Figure 11. In a sunny day during the peak sunlight hours,
there is more energy being produced by the PVs than consumed by the loads. Hence, in this
section the impact of this high penetration of widespread PVs in the distribution system
is studied.
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The base case voltage profiles are shown in Figure 12 with uncontrolled PV integration.
The buses that are farther away from the transformer (i.e., SB 04 and SB 05) have voltage
upper limit violations; however, buses that are closer to the transformer (i.e., SB 02 and
SB 03) have the voltages within the allowable limits. It is noteworthy to observe that the
voltage at the downstream bus is much higher as compared to the upstream bus. However,
it was much lower as compared to the upstream bus when no PVs were installed (see
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Figures 10 and 12). It is due to the fact that the downstream buses are often more sensitive
to changes in the load and/or power generation when compared to the upstream buses.
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4.3. On-Off Controller

In this case, an on/off switch controller is tested. A reference voltage, vr = 1.045 p.u.
is selected. Based on the POC bus voltage, the controller decides to ramp down the power
generation if the voltage is higher than vr and ramp up the power generation if the voltage
is lower than vr. Ramp limits are selected to be 1 kW/10 s to avoid abrupt variations.

In Figures 13 and 14, the voltage profiles and power generation profiles of the sec-
ondary buses are shown. It is evident that the power is only curtailed for downstream
buses (i.e., SB 04 and SB 05), whereas the upstream buses are allowed to generate all the
available power. Moreover, due to the frequent switching the SB 05 bus has fluctuating
voltage problem, which may lead to other power system problems [30].
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4.4. Droop-Based Controller

In this section, a prevalent control scheme based on droop characteristics is shown for
comparison. This scheme relies on the static droop P-V characteristics curve of each node
in the distribution system. This relationship between the voltage and the output power is
defined by the piecewise linear function as provided in (5). In [31], settings are done based
on the location and the system loads. However, due to system reconfigurations this scheme
would require communication, which is absent in present-time distribution systems.

A simpler form of the droop-based controller is tested with same droop constants, kd.
A critical system voltage, vcritical , is set to be 1.05, which is the maximum allowable voltage
defined by the ANSI C84.1-2016 standard. Considering a safety margin, the controller is
activated at 1.02 p.u. The droop constant, kd, is set at 21.

Pout(t) = PGavailable ×
{

kd(vcritical − vi(t)),
1,

vi(t) ≥ 1.03 p.u.
vi(t) < 1.03 p.u.

(5)

where:
kd =

140 kW
(1.05 − 1.02)(220V)

= 21.2 kW/V (6)

The system voltages are shown in Figure 15. It can be seen that all the voltages
are within the allowed limits. However, the buses located downstream inject less power
than the buses closer to the transformer as illustrated in Figure 16. The buses closer
to the transformer can export full PV power available while the downstream buses are
undesirably restricted due to their higher voltages. Thus, the PV generated revenues for
these customers are lower as compared to other customers.
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The uncontrolled integration of PVs results in voltage-rise problems, as it is shown
in Section 4.2. While other communication-free controllers (Sections 4.3 and 4.4) are not
able to act fairly among all the PVs connected in the system. Additionally, these controllers
are not able to provide a stable voltage profile at the PVs point of connection. It is because
they only use voltage readings to control the power injected and there are no integral or
derivative control modules.

In order to mitigate the voltage-rise problem, a machine learning-based autonomous
PV controller is presented. The controller utilizes both, the nodal voltage and its sensitivity
to throttle the power output of the solar PV. Each solar PV in the distribution system is
controlled independently by these controllers. The resulting voltage profiles are provided
in Figure 17 when the proposed controllers are implemented. It can be clearly seen that
the controller is able to effectively regulate the system voltages with good system voltage



Sustainability 2021, 13, 12208 16 of 22

stability. Throughout the day, the voltages are maintained within the permissible range,
except between 8:00 A.M. and 9:00 A.M., where some negligible over-voltages are recorded.
This is because of the time required by the controller to respond to the significant variations
in load/generation (as shown in Figure 5 and explained in Section 2.3).
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The most interesting feature of the proposed controller is fair power curtailment,
despite the fact that there is no communication among the PVs connected at various
locations in the distribution network. The power generated in the presence of the proposed
controller is shown in Figure 18. The proposed controller curtails similar amount of power
from all the PVs when the system support is required. The daily energy produced by the
proposed and the droop-based controllers are provided in Table 2. It can be observed that
the secondary downstream bus (i.e., SB 05) produces around 240 kWh less energy than
the upstream secondary bus (i.e., SB 02) when the droop-based controllers are utilized.
However, for the proposed controller similar amount of energy is being produced at all the
secondary buses in the system. These results indicate the efficacy of the proposed controller.
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Table 2. Comparison of daily energy production (kWh).

Control Mode P * SB 02 SB 03 SB 04 SB 05

Droop-based
D 1090 1077 940 847

U 1086 1079 948 850

Proposed
D 937 936 932 933

U 935 938 935 931
* P represents the primary node, whereas D and U represent downstream node (i.e., Node-7) and upstream node
(i.e., Node-10), respectively.

5. Control Strategy Performance

In this section, performance of the proposed voltage and sensitivity-based control
strategy is further examined. Table 3 summarizes the fairness for all control modes and
effectiveness of these methods to avoid voltage limit violations. Total energy produced by
each primary node in a day are also included. As anticipated, the uncontrolled integration
of solar power results in the maximum energy production; however, the voltage violations
are extreme and persist for longer duration (i.e., for about 286 min). On the other hand,
the voltages are appreciably improved for on-off and droop-based controllers, but the
fairness issue was gravely compromised. It is evident that the downstream buses (SB 04
and SB 05) experience most of the energy curtailment; therefore, these control techniques
are not suitable for fair power integration. However, the proposed controller fairly curtails
the energy from each PV system. Moreover, it drastically improves the system voltages
as compared to the uncontrolled case. Note that the proposed controller curtails a little
higher amount of the generated power in comparison to the other controllers. However,
this slightly higher curtailment allows all the distributed PVs to participate fairly in the
voltage improvement process.

Table 3. Comparison of controller performances.

Control
Mode P *

Energy
Produced
in a Day
(kWh)

% Energy Curtailed Fairness
Ad-

dressed?

Maximum
Voltage

(p.u.)

Duration
of Voltage
Violations
(Minutes)

Voltage
Accept-

able?
Total
(%) SB 02 SB 03 SB 04 SB 05

Uncontrolled
D 4198 - - - - -

Yes
1.067 286.5

No
U 4198 - - - - - 1.069 286.5

On-Off
D 4082.5 2.75 0 0 0.31 2.44

No
1.052 0.333

Yes
U 4094.7 2.46 0 0 0.16 2.30 1.052 0.333

Droop-based
D 3954.1 5.81 0 0.14 2.03 3.64

No
1.046 0

Yes
U 3963.7 5.58 0 0.08 1.90 3.60 1.045 0

Proposed
D 3737.9 10.96 2.70 2.72 2.78 2.76

Yes
1.051 19.167

Yes
U 3739.2 10.93 2.72 2.69 2.73 2.79 1.052 19.167

* P represents the primary node, whereas D and U represent downstream node (i.e., Node-7) and upstream node (i.e., Node-10), respectively.
The bus will be reported as a high voltage violation if the voltage exceeds 1.05 p.u. % Energy curtailed is calculated using energy produced
in uncontrolled case.

In addition, the performance of the proposed control strategy is assessed with solar
resource variability. This can happen for many reasons, including the cloud covering the
solar PVs. The PV’s output generation is highly varied on a cloudy day compared to
a sunny day, as shown in Figure 11. The voltage and power generation profiles of the
secondary buses are shown in Figures 19 and 20, respectively, when the proposed controller
is tested during cloudy day. The results illustrate that the controller response to fluctuating
available solar power is quick. Despite that the change in output power is not restricted
(no ramp limit), power is always fairly curtailed to minimize the over voltage violations.
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To further assess the robustness of the proposed autonomous PV controller, it is
assumed that one of every two houses has an electric vehicle (EV). Nissan Leafs having
40 kWh battery pack model [32] are used to test the proposed controller when they are
connected to the secondary buses. The EVs are assumed to charge at the rate of 7 kW when
plugged in. That means, each EV takes 4 h to charge the battery from 30% to 100%. EVs
are expected to plug-in between 6:30 a.m. and 10:30 a.m. since the impact of EVs charging
on the PV control needs to be studied. The state of charge (SOC) for the EVs connected in
primary Node-10 are shown in Figure 21.
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When two EVs get connected to a bus at any given time, the load at that bus increases
by 14 kW. Consequently, the voltage at that bus changes which affects the PV power
generation. Figure 22 shows the PV power output when the proposed controller is being
used during these events. Note that the EVs only connected at SB 03 and SB 04 are charging
during the period from 9:00 a.m. until 9:30 a.m. During this time period, the power
generated at these buses is only 3 to 5 kW more than the power generated at other buses.
Similarly, from 12:30 p.m. until 1:25 p.m. the EVs only connected to SB 01 and SB 05 are
charging, while the others are already fully charged. During this time, the PV power output
for the buses with connected EVs is only a little more than the other buses. The voltage
profiles of the EVs charging points are shown in Figure 23. Note that the voltages of the
buses decrease when the EVs start charging, this happens because of the instantaneous
increase in the load.
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Table 4 shows the overall PV energy produced in a day at the secondary buses of
Node-7 and Node-10 when the EVs are being charged. It can be seen that the daily energy
production has been increased when there is extra load connected in the system (see
Tables 3 and 4). In fact, the system voltages drop when more load is connected which
allows the PVs to generate relatively more power. These results indicate that the proposed
controller successfully balances the trade-off between high penetration of renewable energy
and fair power curtailment, so that the voltages remain within the allowable range as
defined by ANSI C84.1-2016 standard.

Table 4. Energy produced in a day with EV charging from 30% to 100% (kWh).

Scenarios P * SB 02 SB 03 SB 04 SB 05 Total

EVs not
charging

D 937 936 932 933 3738

U 935 938 935 931 3739

EVs charging
during day

D 953 962 955 957 3827

U 953 962 955 957 3827
* P represents the primary node, whereas D and U represent downstream node (i.e., Node-7) and upstream node
(i.e., Node-10), respectively.

6. Conclusions

This paper proposes a local voltage regulation control scheme for distributed solar
PVs connected in the secondary network of the distribution system. The proposed tech-
nique is aimed at fairly controlling the power injections of all the PVs without the need
of any communication infrastructure. The proposed machine-learning based controller
uses two local measurements as inputs, namely, the nodal voltage and its sensitivity, to
determine the PV power output. The performance of the proposed controller is validated
in a PV-rich MV/LV test distribution system. Even though the controllers in the system
work independently, they fairly controlled the power injections of all the PVs to keep the
network voltages in an acceptable range. The distinctiveness of the proposed technique is
highlighted by comparing a few other communication-free controllers as presented in the
previously published literature. In addition, the robustness of the controller is verified by
considering a cloudy day. In addition, the electric vehicles (EVs) are integrated into the
secondary distribution system to further confirm the efficacy of the proposed controller in
the future distribution systems.

The contributions of the proposed approach are evident since the machine learning-
based controller is relatively inexpensive yet easy to deploy solution, which only requires
the local voltage measurements at the point of connection. Additionally, this method
is computationally fast because of the minimal hardware requirement and there are no
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communication delays. The fast computational time ensures the suitability of the approach
for solving real-time voltage problems.
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