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Abstract

In this paper, a smart grid modeled with various types of nonlinear loads has been utilized in order to observe the impacts on the 
nonlinear loads from a disturbance and how to best mitigate the disturbance. We attempted to use multiple Radial Basis Functions 
to approximate the nonlinear loads and to observe the factors associated with them. A PI controller was implemented in order to 
control the nonlinear loads.
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Introduction

The utilization of nonlinear loads has expanded since the pro-
gression of electrical power systems. Such excessive use of nonlin-
ear devices results in a generation of current harmonics and reac-
tive power in the system network. The harmonic current affects 
the system network performance in several negative sides. Every 
periodic signal is composed from the sum of sinusoidal signals. 
Source [1] was used as a basis for this paper.

In order to eliminate or minimize harmonic currents, active 
power filters can be implemented in the system. In addition to ei-
ther eliminating or minimizing these harmonics currents, active 
power filters can also compensate for reactive power in the sys-
tem. An active power filter functions by first detecting the system’s 
harmonic currents and in-turn calculating the necessary compen-
sation current that would be required in the feedback to the main 
power system. 

A Proportional–Integral (PI) controller was used in order to 
control the system’s voltage. The main principle would be that this 

controller would compare the reference baseline voltage to the ac-
tual system voltage that is being inputted in the system. This would 
yield the reference’s current maximum value as a system output. 
This would also take the error from the system reference values 
and actual system values into account.

It compares the reference voltage and the actual voltage thereby 
giving maximum value of the reference current as output depend-
ing on the error from the reference and the actual values. It elimi-
nates the steady state error DC component.

The active filter can be controlled by two methods namely 
closed loop and open loop. Normally open loop method is easy but 
less efficient since it measures compensating current to be injected 
into the network. Hence, we prefer the closed loop operation for 
precise measurement of resulting current in the network and the 
active filter injects compensating current in order to minimize it.

Model

Figure 1 shows the active shunt filter (ASF).
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The Active Power Filter’s (APF) main function is to supply com-
pensating current from and to the load in order to cancel out the AC 
side’s current harmonics. Another function of the active power fil-
ter is to cancel out the reactive power flow from and to the source. 
Therefore, the source current would be sinusoidal in nature.

The active power filter relies on the method of generating the 
reference current. The control strategy will generate the gate pulse. 
The control strategy is comprised of three stages. The crucial volt-
age and current signals are measured for accurate information 
during the first stage of the process. The reference compensating 
currents are derived during the second stage of the process. The 
solid state devices’ gating signals are considered in the third stage 
of the process. These gating signals are generated using a hyster-
esis-based pulse-width modulation (PWM) using current control.

Disturbance mitigation

Power outages are classified into three types- permanent fault, 
brownout, and blackout. A permanent fault is a type of fault with 
a substantial loss of power. A power line fault is an example of a 
permanent fault. A voltage drop in the power supply causes a 
brownout. A blackout, also called a cascading failure, is one of the 
main causes of power outages. A blackout can either occur from 
overcurrent or overload. A major improvement regarding distur-
bance mitigation is the implementation of a self-healing factor. Self-
healing transmission systems would minimize power outage time. 
This system must also provide a balance between generation and 
customer load demand. Digital power meters could be installed in 
the residential sectors and commercial/industrial sectors in order 

to provide an overview of what is happening during power trans-
mission and could predict a potential outage. This information can 
be analyzed by real-time monitoring systems in order to predict a 
potential system failure. This system not only could prevent power 
outages that are caused by environmental factors, but also possible 
attacks on the smart grid by hacking (cyber security), sabotage, 
and terrorist attacks.

 Figure 1: Active Shunt Filter Model.

 Figure 2: Three-Phase Fault Circuit.

Various types of three-phase faults can be applied to the follow-
ing phases: Phase A faults, Phase B faults, and Phase C faults. Fault 
resistances and ground faults can be introduced into the model.

Battery types

Batteries are available in many different types and capacities. 
Some popular battery types include Sodium Sulfur (NAS), Vanadi-
um Redox battery (VRB), Zinc Bromide (ZnBr), Lithium Ion (Li Ion), 
Nickel-Metal Hydride (NiMH), and Nickel-Cadmium (NiCd). This 
paper will use a lithium-ion battery in the model due to the follow-
ing reasoning. The Lithium-Ion (Li-Ion) battery has been widely 
adopted. Lithium-Ion batteries offer multiples advantages over all 
types of rechargeable batteries. Some of these advantages that ap-
ply to lithium-ion include a higher energy density, higher operating 
voltages, lower self-discharge rate. Lithium-Ion batteries also have 
some disadvantages that one would need to consider. The main dis-
advantage of lithium-ion batteries is that they are more expensive 
than other battery types as they are more costly to manufacture. 
Some other disadvantages are that they require unique circuity to 
help protect against overcharging and undercharging, so that the 
battery does not become damaged during these processes, there-
fore requiring a specific battery charger to charge these type of 
batteries. The main system consists of four subsystems. These four 
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subsystems are the energy storage subsystem, power conditioning 
subsystem, system controller, and the thermal management sub-
system. Depending on the system configuration, the energy storage 
system is the subsystem that consists of the energy storage blocks, 
electrolyte tanks, and circulation system. The power conditioning 
subsystem is the subsystem that is responsible for the grid inter-
connections and inverters and rectifiers that are tied to the grid. 
Another subsystem is denoted as the system controller subsystem. 
This subsystem is responsible for the control and management of 
the main system. In addition to the control and management, this 
system also provides communication with the other subsystems 
and also real-time monitoring. The energy management system is 
a system that manages the charging and discharging settings that 
the user can configure. Another system, called the thermal manage-
ment system, manages and preserves the overall system’s optimal 
temperature [9].

In order to model an electric vehicle, a Lithium Ion battery (Li 
Ion) was chosen for the nonlinear system model. The Lithium-Ion 
battery parameters are as follows: the nominal voltage is 400 V, 
the rated current capacity is 40 Ah, and the initial State-of-Charge 
(SOC) is 100%.

Control strategy for nonlinear loads

In the control strategy, we have divided the controls into four 
stages. In the first stage, we measured the current flowing in the 
load. In the second stage, we compared the measured current with 
the desired current and generate an error signal. In the third stage, 
we amplified the error signal and generate a correction voltage. In 
the fourth stage, we modulated the correction voltage onto the load 
terminals.

PI controller

A type of PI controller called the Discrete Proportional–Integral 
(DPI) controller was implemented. The controller accounts for the 
reference voltage and the actual voltage. The controller’s output is 
reference current’s maximum value. This output is dependent on 
the reference voltage values and actual voltage values errors. The 
DC component’s steady-state error is either eliminated or mini-
mized [10].

Results

The performance of nonlinear loads has increased since its total 
harmonic distortion (THD) decreases by using hysteresis and Pro-
portional–Integral (PI) control techniques in shunt active power 
filter (APF). Developing more efficient control strategies can also 
mitigate worst case disturbances.

Figure 5 shows the plots of Grid Current, Load Current, and 
Filter Current. The top graph shows the grid current. The middle 
graph shows the load current. The bottom graph shows the filter 
current.

Radial basis functions

A Radial Basis Function (RBF) is a function which is dependent 
only on the radial distance from a point. RBFs are functions taking 
on the form where f is a nonlinear activation function, x is the input, 
and xi is the ith position, prototype, and basis or center vector. Figure 3: Nonlinear Loads Circuit.

 Figure 4: Model with PI Controller.
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A RBF is a method to approximate a multivariable (multivari-
ate) function based on a single univariate function by using linear 
combinations of the terms.

RBF is a radially symmetric function that is around a point de-
noted as xm. This point is called the dataset function’s as stated in 
equation (1). 

 

------- (1) 

Where wn represents the weights of the centers xm of dataset 
(xn,yn), while  affects the shape of radial basis function.

Calculating Weight of RFB:

 

------(2)

In the equation (2), the w vector can be found by the following 
equation (3) if 𝞍 is invertible:

				     ----(3)

This information was used as a basis of the RBF [11,12].

Please refer to references [11,12] for more information on the 
Radial Basis Function.

Cost function and constraints

Cost function

Maximize power to loads:

Minimum Power ≤ Power generated ≤ Maximum Power

Pmin ≤ P gen ≤ Pmax

∑ P_total = ∑ Pi
n

Optimize weight to loads: 

Minimum Weight allowed ≤ Weight Optimal ≤ Maximum Weight 
allowed

Wmin ≤ Woptimal ≤ Wmax

∑ W_total = ∑Wi
n

Minimize delays to loads:

Minimum Delay allowed ≤ Delay Optimal ≤ Maximum Delay al-
lowed

Dmin ≤ Doptimal ≤ Dmax

∑ D_total = ∑Di
n

Constraints

Subject to

Constraints of Smart Grid (SG) {totals}: 

Power of smart grid = Psg

Weight of smart grid = Wsg

Delay of smart grid = Dsg

Constraints due to PV solar panel: 

Power of solar panel = Psp

Weight of solar panel = Wsp

 Figure 5: Plots of Grid Current, Load Current, and Filter Current.
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Delay of solar panel = Dsp

Constraints due to battery: 

Power of solar panel = Psp

Weight of solar panel = Wsp

Delay of solar panel = Dsp

Constraints due to nonlinear loads (RLC): 

Power of Resistor = PR

Weight of Resistor = WR

Delay of Resistor = DR

Power of Capacitor = PC

Weight of Capacitor = WC

Delay of Capacitor = DC

Power of Inductor = PL

Weight of Inductor = WL

Delay of Inductor = DL

Constraints due to houses {House 1}: 

Power of House 1 = PH1

Weight of House 1 = WH1

Delay of House 1 = DH1

Constraints due to houses {House 2}: 

Power of House 2 = PH2

Weight of House 2 = WH2

Delay of House 2 = DH2

Constraints due to houses {House 3}: 

Power of House 3 = PH3

Weight of House 3 = WH3

Delay of House 3 = DH3

Constraints due to houses {total}: 

Total Power of houses = PHtot = PH1 + PH2 = PH3

Total Weight of houses = WHtot = WH1 = WH2 + WH3

Total Delay of houses = Dtot = DH1 + DH2 + DH3

Constraints due to small factory: 

Power of small factory = Psf1

Weight of small factory = Wsf1

Delay of small factory = Dsf1

Constraints due to safety critical location (hospital):

Power of small factory = Phosp

Weight of small factory = Whosp

Delay of small factory = Dhosp

 Figure 6: Residential and Industrial Structures as Loads Circuit.
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Solar panel

The performance criteria such as power output, energy output, 
and conversion efficiency determines the amount of PV output. The 
performance criteria such as power output, energy output, and 
conversion efficiency determines the amount of photovoltaics (PV) 
output. Power is denoted in Watts (W). The output power from the 
PV is the power that is available at the controller or regulator side 
of the system. It is a measure of how much peak power or average 
power that can be produced in a given amount of time, for example 
how much power can be produced in one day. In addition to power, 
energy is also produced. Energy is denoted as watt-hours (Wh). 
The output energy from the system refers to the amount o energy 
produced over a specific time period. The unit of output energy is 
denoted as watt-hours per square meter (Wh/m2). This is the sun’s 
radiant energy that is captured by the solar cell. This is sometimes 
referred to as the power efficiency or conversion efficiency [7].

Solar panel charging battery

Battery storage systems are required in either a smart grid or 
micro grid type of application. Lead acid batteries were originally 
used in these applications, but as previously stated in this paper 
they are not the optimal choice. Lithium Ion batteries are becoming 
more prevalent in these applications. The battery is one of the most 
expensive component that is implemented in the system. As the 
batteries age, one must be aware that battery performance will de-
crease over time as the battery depends on the Depth of Discharge 
percentage (DOD %). One must be cognizant not to undersize the 
batteries that will be implemented in the system. One must also 
be aware of the battery’s “C-rating” during the design phase of the 
system. The battery’s “C-rating” is the battery’s ability to provide 
the safe maximum amount of current that the system can extract 
from the battery while still provide sufficient backup power to the 
smart grid or micro grid system in addition to mitigating damage 
to the infrastructure [7].

The primary function of any battery management system (BMS) 
is to manage the battery’s observable parameters and variables, 
such as the cell voltages, cell currents, cell temperatures, and also 
the battery state-of-X (SOX) functions. SOX functions are the bat-
tery’s state-of-charge (SOC) and state-of-health (SOH), but can also 
include the battery’s state-of-power (SOP) and state-of-function 
(SOF) parameters as well. Depending on the complexity of the BMS, 

the system can also include additional features such as type of fault 
detection and/or fault diagnosis, cell balancing, among other pa-
rameters. Kalman filtering can also be implemented for state es-
timation and to help improve the overall optimal control strategy 
that the BMS could use in order to better determine the power that 
is being commanded from and utilized in the system [8,9]. Also, 
model predictive control (MPC) and/or model predictive estima-
tion (MPE) could also be employed to benefit the system’s perfor-
mance.

 Figure 7: Direct Coupled Solar PV System [7].

 Figure 8: Block diagram of Standalone PV System with Battery 
Storage [7].

Conclusion

Overall, the nonlinear loads performance increased and there-
fore improved. This was accomplished by decreasing the THD us-
ing hysteresis and the PI controller in the shunt APF. Other control 
strategies that could help mitigate the worst case disturbances 
could include Proportional-Integral-Derivative (PID), Linear–Qua-
dratic Regulator (LQR), or some type of Model Predictive Control 
(MPC). The Model Predictive Control (MPC) and Model Predictive 
Estimation (MPE) would be explored in a future paper regarding 
the charging of an electric vehicle (EV), more precisely a Plug-in 
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Hybrid Electric Vehicle (PHEV). The charging system equipment 
would be a Level 2 AC electric vehicle supply equipment (EVSE) 
charging station.
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