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Starting a large induction motor will always follow up with an inrush current as 
the nature of an induction motor. On a less stiff power system, that inrush 
current will be causing a Voltage Sag (VS). A big VS can lead to significant 
disruptions in power quality and reliability. To address this, a Smart Inverter 
with an Artificial Intelligence (AI) -driven controller installed in a Photovoltaic 
(PV) farm is proposed for voltage sag recovery. During normal conditions, the 
PV farm acts as a power source supporting the main grid, but when large 
induction motors are started, the smart inverter connected to the PV is 
responsible for power conversion to recover sags caused by the Induction 
motor inrush current. The controller inside the Inverter ensures optimal 
operation. The use of AI also compares the effectiveness of using the Fuzzy 
Logic Controller (FLC) with the Proportional Integral (PI) Controller to assess 
their performance in reducing current spikes. Based on simulations, the FLC 
outperformed PI Controller in mitigating the voltage sag and avoiding the Low 
Voltage Ride-Through (LVRT). Simulation results show that voltage sag can 
be recovered for up to 97% of the nominal voltage, a significant improvement 
over the 80% sag recovery without the smart Inverter. At a nominal grid voltage 
of 6,600 volts, the VS Magnitude was successfully increased from 5,210 volts 
to 6,368 volts and the VS Duration also decreased from 6.96 s to 4.97 s. The 
results achieved validate the effectiveness of the approach in improving the 
power quality. 

 
1. Introduction 

Besides its advantages, the classical issue with an Induction motor is the large inrush current following the motor 
starting. For a less stiff power source, the direct effect of the large inrush current is a Voltage sag (VS). With inrush 
currents, the high current drawn by a large induction motor starting up leads to a deep VS. A VS is maintained at a 
magnitude and duration greater than the allowable limit [1], [2]. Figure 1 shows the voltage limit curve during sags. It 
exceeds the Low Voltage Ride Through (LVRT) of the generator curve. When the voltage drops below the LVRT curve, 
blackouts may occur. The LVRT curve is used as the fundamental reference for configuring relay protection, especially 
in mini-grid or isolated systems. LVRT is defined as the generator's ability to tolerate voltage drops and remain 
connected to the power grid [3]. In the event of a disturbance in the electrical system, the network may experience a 
temporary voltage decrease, which the protection relay reads as a disturbance. Suppose the magnitude and duration 
of the VS are greater than the generator’s Under Voltage relay protection is configured for, the generator or distribution 
system will disconnect from the network. To prevent this, the VS must not drop below the LVRT curve so the connection 
of the generator with the grid is maintained [4]. 

In many countries, the LVRT curve adapts to the conditions of the electrical system, such as with NERC, 
Polygonal, and FERC, which are implemented in North American countries and Canada [5]. In Indonesia, regulations 
regarding LVRT are stipulated by the Regulation of the Minister of Energy and Mineral Resources of the Republic of 
Indonesia of 2020, concerning Regulations for Electric Power System Networks (Grid Code) [6]. Chapter 4.4.3.3 states 
that all generating units must be able to operate at low (LVRT) and high voltages (HVRT). According to the LVRT curve 
shown in Figure 1, the grid’s voltage drops to below 80 – 85 % of the nominal voltage at t = 2 – 15 seconds can cause 
the generator to disconnect from the grid. 

Numerous studies have attempted to identify a safe and effective method for starting a large medium-voltage 
induction motor without compromising the voltage level of the network, like autotransformers, for example [7]. Static 
Compensator (STATCOM), Dynamic Voltage Restorer (DVR), and Unitary Power Quality Conditioner (UPQC) are 
detailed devices used to solve this problem [8]. 
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To mitigate VSs, an external energy source is needed. With increasingly limited access to conventional energy 
sources, various renewable energy sources are being scrutinized to find the best source for renewable energy, such as 
wind turbines [9], [10], wave energy, and geothermal energy [11]. 

Research into PV systems as a renewable energy source to mitigate LVRT exists [12 - 16]. Another PV-related 
LVRT study demonstrated the use of a data extraction technique on the power grid to obtain accurate transient data 
[15]. This research studies the potential of PV in LVRT mitigation with a focus on inverter control methods [12], [13] and 
also discusses LVRT mitigation in relatively weak power grids [14]. 

 

 
Figure 1. Voltage sags (MVIM 1-3) and the minimum voltage before blackout occurs 

 
The energy required for VS mitigation is substantial and is obtained from renewable energy sources and needs 

to be stored and ready for immediate use. The ideal energy storage for this purpose is a supercapacitor (SC). The use 
of an SC as an energy storage medium to mitigate fluctuations in voltage and electric power was studied by [17-19]. 
The use of an SC on a Medium Voltage Grid has also become something of interest for more detailed research [20]. 

An inverter is the main component to distribute power from energy storage media to the grid. The inverter converts 
the Direct Current (DC) into an Alternating Current (AC) that corresponds to the AC voltage of the power grid. Many 
researches have been conducted on inverter topology and design. Researches on inverters related to VS and solutions 
to LVRT problems include [21], [22]. Guanyu et. al emphasized using a Phase-Locked Loop to synchronize the inverter 
connected to the grid in case of a VS or LVRT. Meanwhile, a PV grid-tied generator capable of overcoming VS through 
a control strategy on an inverter that will inject reactive power into the grid in the event of a voltage drop is also proposed 
[22], [23]. 

This paper offers research that uses motor data used in factories, and is simulated to be able to overcome Voltage 
Sags that occur. From the several previous research papers that have been described, in this study improvements were 
made by adding artificial intelligence to improve the performance of the inrush current compensator. The main result 
achieved was a significant improvement in terms of reducing the magnitude and duration of the Voltage Sag.  

The paper is organized with the dynamic model of the system presented in Section 2. The test system and AI 
method for the inverter are described in Section 3. The simulation results are presented and discussed in Section 4. 
Finally, the conclusions and contributions to this paper are presented in Section 5. 
 
2. Dynamic Model of the Electrical System 
2.1 Plant Single-line Diagram 

In this study, three induction motors were simulated within the electrical system with a 4500 hp Medium Voltage 
Induction Motor-1 (MVIM-1), 2250 hp Medium Voltage Induction Motor-2 (MVIM-2), and 600 hp Medium Voltage 
Induction Motor-3 (MVIM-3). These motors received their electricity supply from a 6.6 kV bus connected to a 20/6.6 kV 
8 MVA step-down Power Transformer (PT). The primary side of the transformer was connected to the 20 kV electrical 
grid at a main substation. The secondary side was the 6.6 kV bus which supplied the induction motors and the low 
Voltage Transformer (VT).  

The production process at this plant required a specific starting sequence for existing induction motors. The 
operational sequence started at MVIM-1, followed by MVIM-2, and finally MVIM-3. A common obstacle is the voltage 
level on the 6.6 kV bus, which is still unrecovered when the next induction motor is started. It often affects power quality 
and stability and can cause the electrical system to go out. The duration of the VS caused by MVIM-1 starting is ~6 
seconds, as has been simulated. In the uncompensated condition, the VS causes the grid voltage to drop below the 
LVRT curve line. Preventing the voltage drop requires intervention so that the voltage at the 6.6 kV bus can return to 
its normal level as soon as the next induction motor starts. 

https://creativecommons.org/licenses/by-nc-sa/4.0/
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2.2 PV Compensation Method for Inrush Current of MVIM 
Energy obtained from sunlight (photovoltaic energy) has great potential if successfully used to improve the power 

quality and stability of a power system network. In this study, power quality was improved by injecting electrical energy 
obtained from PV to supply electrical energy and also by injecting an electric current to help overcome inrush currents 
when starting an induction motor. The energy required to overcome the inrush current is quite large, so the energy from 
the PV needs to be collected and stored in an SC to be used on demand. 
The energy was then converted into AC voltage, as required to meet the plant’s electrical requirements. The single-line 
diagram in Figure 2 shows that energy entering the plant originates from the grid and the inverter. By using Kirchhoff's 
first law, the equation for the electric current entering the MVIM can be obtained. The Equation is shown in Equation 1. 
 

𝐼𝑀𝑉𝐼𝑀 =  𝐼𝐺𝑟𝑖𝑑 +  𝐼𝐼𝑁𝑉 (1) 
 

where: IMVIM is the induction motor current, IGrid is the grid current, and IINV is the inverter current that is injected into the 
system. 

The inverter utilized was a VSI that converts the DC voltage from the SC to AC voltage based on the grid’s 
voltage. The VT and Current Transformer (CT) provided the input signal to the Pulse Width Modulation (PWM) circuit 
The PWM circuit works based on an AI algorithm and uses these two input signals to adjust the frequency, phase angle, 
and other AC voltage parameters to produce a trigger signal. This trigger signal is used to drive the power electronics 
circuit on the VSI. The output of the VSI is an alternating current signal that is in phase with the alternating current on 
the grid. The inverter output voltage level need to be stepped up to the grid voltage level. Therefore, a PT is required to 
increase the inverter voltage to meet the grid voltage level  

When the plant is running normally without the induction motor starting, the PV inverter functions to bear part of 
the plant’s electrical load. When the induction motor is being started, the PV inverter helps to offset some of the inrush 
currents that arise. The magnitude of the PV inverter current varies according to the control method used. In this study, 
three types of current injection methods were used to find which best mitigated the VS. They were fixed compensation, 
PI controller, and FLC. The equations for the INV currents are Equation 2, Equation 3, and Equation 4. IINV_fixed is the 
current resulting from the fixed compensation, IINV_PI is the current resulting from the PI controller, and IINV-FLC is the 
current resulting from the FLC. 
 

𝐼𝐼𝑁𝑉_𝑓𝑖𝑥𝑒𝑑 =  𝐸𝑁 𝑥 0.8 𝐼𝑀𝑉𝐼𝑀 (2) 

  
𝐼𝐼𝑁𝑉_𝑃𝐼 = 𝐸𝑁 𝑥 𝑃𝐼𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (3) 

  
𝐼𝐼𝑁𝑉_𝐹𝐿𝐶 = 𝐸𝑁 𝑥 𝐹𝐿𝐶𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (4) 

 
where the constants PIconstant and FLCconstant refer to the results of the PI controller and FLC calculations. 
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Figure 2. Single-line diagram of the electrical system studied 
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3. Controlled Voltage Sag Mitigation 
3.1 Fixed Compensation 

Previous research [25] showed that compensation of 80% of the inrush current can reduce the magnitude of the 
VS so that the grid voltage can be maintained above the safe limit as stipulated in the regulations regarding LVRT listed 
in the regulation of the Minister of Energy and Mineral Resources of the Republic of Indonesia of 2020 concerning 
Regulations for Electric Power System Networks (Grid Code) [6]. However, this method requires revision, as when the 
voltage drop reaches a safe level, the constant compensation during an Inrush current causes energy to be wasted. 
The result is that the energy reserves of the SC rapidly decrease. 
 
3.2 PID Control Compensation 

Conventional Proportional Integral and Derivative (PID) controllers have advantages, such as their simple 
program structure, high resistance to interference, wide use of controller designs in various fields, and ease of being 
simulated in a system. However, they require accurate parameter adjustments to get the desired results. Changes to 
the system parameters require adjustments to the control parameters. In this study, the PID method is used as a 
controller to calculate the compensation when an inrush current occurs on the grid. The PID parameters were obtained 
from optimization theories and validated with experiments. This way, optimal compensation results can be obtained. An 
ideal basic PID equation is shown in Figure 3. The PI control equation base on Figure 3 is (5) [26]. 
 

𝑀 = 𝐾𝑐  [𝐸 + 
1

𝑇𝑖

 ∫ 𝐸. 𝑑𝑡 + 𝑇𝑑

𝑑𝐸

𝑑𝑡
  ] + 𝐶 (5) 

 

The algorithm in Equation 5 is an analog time domain version. Equation 6 shows it in a simpler form. 
 

𝑢(𝑠) = 𝐾𝑝  𝑒(𝑠) +  𝐾𝑖  𝑒(𝑠) +  𝐾𝑑  𝑠 𝑒(𝑠) (6) 

 

where Kp is the proportional gain, Ki is the integral gain, Kd is the derivative gain, e is the error and u(s) is the control 
signal. 

 
The PID controller in this study did not use differential control because it would make the system unstable. It only 

used proportional and integral controls. The PI controller block diagram used in this paper is shown in Figure 4. 
 

3.3 Fuzzy Logic Control Compensation 
An adaptive controller is needed to compensate for the PI controller’s inability to anticipate rapid inrush current 

changes or fluctuations. In this study, the Fuzzy Logic Controller (FLC) was used to improve the mitigation performance 
displayed by the PI controller. The advantage of FLC over PI controllers is that it allows the inclusion of several digits 
of human deductive reasoning in the control system. This provides the advantage of reducing dependence on 
mathematical models. Another advantage is that changes in the magnitude of the inrush current can be anticipated 
accurately. 

 

 
Figure 3. Diagram of the ideal PID controller 
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Figure 4. Proposed PI controller scheme 
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The FLC structure generally consists of four main parts, namely: fuzzification, rule base, inference system, and 
defuzzification. Fuzzification is a system input interface that uses fuzzy linguistic variables and membership functions 
to convert real data (crisp) into fuzzy sets. The rule base is a set of fuzzy IF-THEN rules which include premises and 
implications. These rules define controller behavior based on input conditions. The fuzzy inference system relates to 
the decision-making process for applying the rule base. Defuzzification converts fuzzy inference results into outputs 
that can be expressed in crisp logic. In other words, defuzzification is the reverse process of fuzzification by converting 
Fuzzy sets into data. This study uses the Mamdani Fuzzy type, or what is often called the min-max method, for its 
relatively simple application [25]. 

The FLC controls the compensation value (%) to be injected into the system. The greater the VS, the greater the 
current compensation value. The FLC inputs are the magnitude of the VS and the change in delta voltage sag (DVS). 
The VS value is obtained from the deviation of the 6.6 kV nominal grid voltage. The FLC output is a control signal for 
the inverter to determine how much compensation current is to be injected into the system. 

VS and DVS as FLC input variables are transformed into input membership functions, as shown in Figure 6 and 
Figure 7. The VS input membership function is divided into four linguistic labels, namely: Save, Small, Big, and Very 
Big. The DVS input membership function is also divided into four linguistic labels, namely: D-Save, D-Small, D-Big, and 
D-VeryBig. 

The FLC output is a control signal which determines the inrush current compensation. The FLC output 
membership function is shown in Figure 8. The FLC output function is divided into five linguistic labels, namely: Low, 
Medium, High, and Very High. The logical rules built into the inference mechanism are based on observations embodied 
through language variables and are rule-based. The FLC rules in the proposed method use 16 rule bases, which are 
represented in a symmetrical form, as shown in Figure 5. 

To make it easier to interpret the FLC’s percentage of compensation, a Fuzzy Surface was used, as shown by 
the surface curve in Figure 9. It consists of 3 axes, namely SAG, DeltaSag, and Compensation. The horizontal axis is 
the input and the vertical axis is the output curve. The results of the FLC calculation for determining the compensation 
based on the input received are clear. 

 

 
Figure 5. Fuzzy rule-based for VS compensation 

 

 
Figure 6. Voltage sag input fuzzy MF 

 

 
Figure 7. Delta voltage sag input fuzzy MF 
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Figure 8. Voltage sag compensation output fuzzy MF 

 

 
Figure 9. Fuzzy surface for voltage sag compensation 

 
4. Results and Discussion 
4.1 Motor and Grid Compensations Parameters 

The MVIM-1 used in this system had four poles and a stator speed of 1500 rpm. The datasheet shows that the 
rotor speed reached 1491 rpm after 6 seconds. Figure 10 shows four curves, which describe the motor speed curve 
without compensation (Mtr1_SpeedL), the motor speed curve with constant compensation (Mtr1_speed), the motor 
speed curve using the PID controller (Mtr1_speedP), and the motor speed curve using the FLC (Mtr1_speedF). Figure 
9 shows the difference between the compensation curve and the uncompensated curve. Without compensation, motors 
connected to a weak grid take longer to reach their rated speed. By compensating, the nominal speed of the motor can 
be reached sooner. 

Compensating with an FLC allowed for the motor’s nominal speed to be reached in the shortest amount of time, 
followed by the PID controller with fixed compensation. The motor speed curve in Figure 10 shows that the nominal 
speed of the motor is reached at the latest by the motor starting without compensation. 

The compensation current curves from the compensation methods are shown in Figure 11. The magnitude of the 
compensation current looks almost identical. The difference is in the current injection time. The compensation curve 
using the FL (Ica-rmsF) method had the shortest time on the compensation flow curve. Compensation with the fixed 
compensation method (Ica_rms) had the longest injection time. The current compensation time depends on when the 
nominal speed of the induction motor that is being started is reached. Based on the initial formula, the compensation 
current was determined from the nominal speed of the induction motor that is being started. 

In this study, the nominal speed of the induction motor was used as the enable (EN) signal in Equation 2, Euqation 
3, and Equation 4, and the electric current injection was channeled into the 6.6 kV bus as an additional current when 
the motor had not reached its nominal speed. When the nominal speed of the motor was reached, the EN signal would 
be zero and the electric current injection from the inverter would stop. The Ica_rmsL curve in Figure 11 shows the curve 
starting at zero, indicating that there was no compensation current injected into the system. 

Figure 12 shows the voltage drop that occurred at the 6.6 kV bus when the MVIM-1 was being started. Four 
curves are depicted, which reference the different compensation methods. The compensation current in the figure is 
enlarged so that the difference in magnitude and duration of compensation that occurred can be seen more clearly. The 
Vab_rms_66L curve shows the biggest drop in voltage, resulting from a large inrush current without PV compensation. 
The voltage drop on the other three curves was not significant. The differences were, however, in the voltage recovery 
times. Vab_rms_66F shows the effect of FL compensation, which seems to have normalized the fastest. The second 
fastest voltage drop recovery came from the PI control method (Vab_rms_66P), followed by the fixed compensation 
method (Vab_rms_66L). 

https://creativecommons.org/licenses/by-nc-sa/4.0/


Kinetik: Game Technology, Information System, Computer Network, Computing, Electronics, and Control 
 
 

Cite: I. Budi Hermawan, A. Mochamad, and D. Candra Riawan, “Designing a Smart Inverter for Voltage Sag Compensation Due to Motor St art-
up”, KINETIK, vol. 8, no. 3, Aug. 2023. https://doi.org/10.22219/kinetik.v8i3.1744 
 
 

 
 

  

  
  

669 

The energy used to compensate for the inrush current is stored in an SC. If the voltage on the SC drops below 
756 volts, there will be under-modulation in the inverter [25]. The SC voltage must therefore be maintained so that the 
SC voltage it does not fall below 756 volts. 
 

 
Figure 10. Motor speed comparison 

 

 
Figure 11. Current compensation 

 

 
Figure 12. Voltage sag on the grid after compensation 

 
 

4.2 VS Recovery and LVRT Mitigation 
Figure 13 shows the voltages on the grid during a VS caused by an inrush current of MVIM-1. The graph in Figure 

13 shows a decrease in the grid voltage level, comparing the MVIM-1 starting with and without compensation. PV 
compensation helped the grid voltage remain above 85% of the nominal grid voltage at the time of starting MVIM-1. 
Without PV compensation, the voltage dropped below 80%. 

The results obtained from the implementation of a smart inverter to mitigate the voltage sag induced by the inrush 
current of an induction motor were highly successful. Prior to the intervention, the voltage sag during inrush current 
events fell below the critical threshold of as specified by the Indonesian government's power quality regulation, known 
as the Low-Voltage Ride-through (LVRT) curve. However, with the integration of the smart inverter, the voltage sag was 

https://doi.org/10.22219/kinetik.v8i3.1744


Kinetik: Game Technology, Information System, Computer Network, Computing, Electronics, and Control 
 

© 2023 The Authors. Published by Universitas Muhammadiyah Malang 
This is an open access article under the CC BY NC SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/) 

 

 

 

                    

 

670 

effectively recovered, surpassing the targeted threshold outlined in the LVRT curve. This outcome signifies a remarkable 
improvement in power quality, ensuring that the voltage remains within acceptable limits during inrush current events. 
The smart inverter's advanced control algorithms and sensing capabilities played a pivotal role in swiftly detecting and 
compensating for voltage sags, enabling the induction motor system to operate reliably and maintain uninterrupted 
performance. These findings demonstrate the potential of smart inverters as a reliable solution for minimizing voltage 
sag issues caused by the inrush current of induction motors while adhering to government regulations and ensuring 
optimal power quality. 

This study’s final results (Figure. 13) demonstrate the successful reduction of electrical power consumption 
through the integration of the PV farm, as well as its ability to alleviate the strain caused by inrush current during 
induction motor startup. In the first 5 seconds, the PV farm's contribution of 25% of the plant's electrical power demand 
during regular operation, significantly reduced reliance on the conventional power grid, resulting in improved energy 
efficiency and cost-effectiveness. Moreover, the SC system within the inverter effectively supplied approximately 85% 
of the inrush current requirement, providing a power consumption reduction from 19 to 12 MVA throughout the 5 
seconds of MVIM-1 startup. 
 

 
Figure 12. LVRT mitigation 

 
Figure 13. Grid power during MVIM motor starting with and without PV compensation  

 
5. Conclusion 

This study investigated the effectiveness of a PV farm in compensating for a decrease in grid voltage caused by 
inrush current. The energy the PV farm obtains is stored in an SC and converted to AC voltage using a VSI to amplify 
the electric current, which is absorbed in large quantities when an induction motor is started. The electric currents 
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injected into the system are controlled using several methods. Previous research using fixed compensation when this 
research is improving the compensation by utilizing the Artificial Intelligent controller.  

The simulation shown that the FL Controller is superior when compared to PI controllers and fixed current 
compensation. By using an FLC, nominal voltage is achieved in the shortest amount of time, with the smallest voltage 
drops, and the most efficient use of energy. In this study, the FLC restored nominal voltage during MVIM-1 startup in 
4.97 seconds, the PI controller took 5.09 seconds, the fixed controller took 5.46 seconds, and without compensation 
took 6.96 seconds. The energy stored in the SC used to compensate for the inrush current of MVIM-1 was calculated 
from the voltage difference in SC. The initial voltage minus the end voltage of the SC shown in Table 2 controlled by 
FLC is 92 volts. This value is equal to 5.92 kWH.  

Simulations with lump loads and a series of induction motors starting showed the efficiency in electrical power 
consumption. Starting the MVIM showed a 36.84 % power consumption efficiency. This ensures a smoother and more 
reliable induction motor starting process. These findings highlight the potential of the multifunction PV farm for optimizing 
electrical power consumption in industrial settings, while also addressing the challenges associated with inrush current 
when an MVIM is being started. 
 
Notation 
52 ANSI for AC Circuit Breaker 
C Compensation 
CT Current Transformer 
FACTS Flexible AC Transmission System 
FLC Fuzzy Logic Controller 
INV Inverter 
LVRT Low Voltage Ride Through 
MF Membership Function (Fuzzy) 
MFR Multi-Function Relay 
Mtr Induction Motor  
MV Medium Voltage 
MVIM Medium Voltage Induction Motor 
PID Proportional Integral and Derivative 
PT Power Transformer 
PV Photo Voltaic 
SC Supercapacitor 
VS Voltage Sag 
VT  Voltage Transformer 
XFMR Transformer 
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