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Abstract 
 
This research focuses on mitigating voltage sags at the control level through a cost-effective 
method using mini dynamic sag corrector at low voltage systems and proposing control level 
embedded solutions for equipment design and modifying the technical aspects of electrical 
devices to facilitate the control circuit to ride-through voltage sags. Voltage sags also known as 
“dips” are a common cause of power disturbances. These are temporary voltage drops below 
90% of the nominal voltage caused by a sudden increase in loads or short circuits and faults 
lasting up to 170ms. Voltage sag in distribution networks can adversely affect sensitive electrical 
equipment in industrial processes, such as production and manufacturing, resulting in substantial 
financial losses of up to $1.5 million/day. Various types of electrical equipment are susceptible to 
voltage sags but are not limited to power supplies, relays, contactors, variable frequency drives, 
and programmable logic controllers. In this method, the cost-effective MiniDySCs were installed 
in the industrial plant to compensate for the missing voltage in the lines during a sag event. Also, 
modifications to technical aspects of Contactors, Relays, and VFDs are proposed to provide more 
robust results for the control circuits to ride through voltage sags even up to 40% of the nominal 
voltage-drop. 
 
Keywords: Voltage Sag, Industrial, Equipment, Control, Power, Cost-effective. 

 
 
1. INTRODUCTION 

This Power quality has been in the technical literature since the 1960s. Since then, there have 
been many publications on the quality of power, and it has increased significantly over the last 
decade. Many reasons are given to explain the interest in power quality [1]. Nowadays electrical 
loads and power electronic devices have become more sensitive to power quality issues. 
Customers from industries are very concerned about economic losses due to power quality which 
may affect their processes. There is a need to increase performance criteria to evaluate the 
power quality supplied.  
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Around 60% of the time power quality issues are caused due to voltage sags. From figure 1 it can 
be seen another 40% of power quality issues caused by Voltage swells, Interruptions, and 
Spikes. 

 
FIGURE 1: Power Quality Issues [1]. 

 
The primary issue causing a power quality problem is voltage sag. According to IEEE Std. 1346, 
1998 and IEC 61000, 1990, Voltage sags also called voltage dips are defined as a decrease in 
RMS voltage or current at the power frequency for a short duration of 0.5 cycles to 1 minute or a 
sudden reduction in voltage at a point in the electrical systems and recovered after a short period, 
within few seconds [2].  
 
End users were looking for more reliable with high quality and focusing on reducing the 
malfunction of critical electrical devices. There are some crucial end-users such as production, 
manufacturing, and commercial buildings need a sine-wave voltage with constant amplitude and 
frequency, pointed out in [3]. The literature since the 1960s [4] show the efforts and the research 
towards industrial plants, planning, operation, the sensitive electric loads, also their performances 
under poor power quality conditions. The sensitive electronic systems for process control are 
taken for granted in commercial and industrial activities. These new applications needed higher 
power quality levels. Any power related interruption causing downtime and economic or financial 
losses were likely to accelerate a study to determine appropriate corrective actions. 
 
Voltage sags also called voltage dips are defined as a decrease in RMS voltage or current at the 
power frequency for a short duration of 0.5 cycles to 1 minute or a sudden reduction in voltage at 
a point in the electrical systems and recovered after a short period, within few seconds [5]. 
 
The main concern of voltage sags is their effect on sensitive equipment such as relays, 
contactors, programmable logic controllers and adjustable speed drives, in addition to other 
power electronic equipment. M. McGranaghan stated and analyzed the voltage sag effects on the 
industrial process applications [6]. He explained and described the causes and the impact of 
voltage sags on the sensitive industrial equipment, and he also proposed possible solutions. The 
author also explained the possible methods for power conditioning the sensitive loads. Voltage 
sags in industrial production and manufacturing semiconductor equipment can cost as much as 
$2 million loss in revenue per day as per an article stated on March 30, 1998, in Semiconductor 
Business News [7]. Lightning, hurricanes, utility system failures, or internally induced plant events 
can cause voltage sags. A manufacturing customer on average might see one or two 
interruptions per year whereas, the same customer may experience over 20 dips per year 
depending on how many circuits are feeding on a substation. Sag events can affect the operation 
of production equipment leading to shut down, malfunction, and loss in revenue. These voltage 
sags measured in magnitude and duration can be defined as temporary voltage drop below 90 
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percent of the nominal voltage to as low as 20 percent, caused by a sudden increase in loads or 
short circuits and faults. Typically, sag duration is from 3 to 10 cycles or 50 to 170 milliseconds 
[7]. 
 

 
FIGURE 2: Description of voltage sag by Magnitude and Duration [7]. 

 
When voltage sag occurs, if the equipment tends to shut down during regular power system 
operation, then the equipment is said to be incompatible with its electrical environment and have 
poor quality. We can use the necessary control circuit in every type of equipment. Understanding 
their response to voltage sags can help tool designers to build and service a more reliable 
process machine. Many other researchers have recently contributed and focused on issues 
related to mitigating voltage sags [8], [9], [10], [11], [12], [13], [14].   

 
2. VOLTAGE SAG IMMUNITY STANDARDS 
A Semiconductor Equipment and Materials International (SEMI) has developed industrial 
semiconductor equipment standards that will help the control level equipment to ride through 
voltage sags. These recommendations were developed to satisfy the semiconductor and 
manufacturing industry needs. These specifications set minimum voltage sag immunity standards 
for equipment used in the industry. The voltage sag depth and duration specify immunity. This 
specification also sets finding and agreeing requirements for pass/fail criteria. SEMI focuses on 
the equipment which is highly sensitive to voltage sags. This sensitive equipment including but 
not limited to Power supplies, AC Contactor coils, and AC Relays, Chillers, pumps, blowers, and 
Adjustable Speed Drives. SEMI conducted many equipment tests through the pass/fail criteria 
and developed the standards and specifications for the semiconductor equipment to ride through 
voltage sags. 
 

 
 

FIGURE 3: Immunity testing levels from IEC 61000-4-11 and 61000-4-34 compared with immunity 

requirements in SEMI F47 [15]. 

 
SEMI has stated their equipment specifications, and standards in SEMI F47 requirements and 
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SEMI F42 says equipment test requirements. Voltage sag tests conducted by SEMI on 33 tools 
revealed the most common susceptibility problems in the manufacturing equipment. SEMI 
examined the weak links found in the semiconductor tools, many of the same mechanisms were 
responsible for the shutdown of the devices and divided into a category by the percentage of time 
for a particularly weak link. 
 

 
 

TABLE 1: Voltage sag susceptibility ranking for specific tools [15]. 

 
After testing the equipment, Contactors and Relays were responsible for the tool shutdown 47% 
of the time. DC power supplies, AC drives, and pumps are also the reasons for the tool shut down 
but not majority of the time. As a result, the required specifications need to be changed in these 
tools to help them ride through voltage sags. SEMI has specified the change of specification 
recommendations to minimize design efforts and testing for these methods to apply to IEC 
standards. SEMI F47 requires that semiconductor process equipment should tolerate voltage 
sags connected to the AC power line. They must endure sags to 50% of equipment nominal 
voltage drop for the duration of up to 200ms, sags to 70% for up to 0.5 seconds, and sags to 80% 
for up to 1.0 second. 
 

 
 

TABLE 2: Voltage sag duration and percent deviation from the nominal voltage of equipment [16]. 

 
The equipment should continuously operate without any interruption during the conditions 
identified in the area above a solid black line. There are additional thresholds recommended by 
SEMI F47 but are not the requirements for the standard. These include that the equipment 
tolerates sags to 0% for 1.0 cycle, sags to 80% for 10 seconds, and continuous sags to 90%. 
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FIGURE 4: Recommended semiconductor equipment voltage sag ride-through capability curve from 0 to 

100 seconds [16]. 

 
3. SAG MITIGATION TECHNIQUES 
Many mitigation techniques available for voltage sags can be found in the technical literature. 
Authors Johns and Morgan proposed the impact of voltage sags on the industrial equipment that 
can be mitigated by ride-through coordination [17]. Also, many others suggested a different kind 
of methods for voltage sag mitigation. Some are by using current-limiting fuses, reducing fault 
clearing time, by application of power electronic devices, also by using feeder transfer in power 
distribution systems. The commonly used mitigation technique is to install a new power electronic 
device. These power electronic devices are of various types. Some of them are Uninterruptable 
Power Supply, Dynamic Voltage Restorer, and D-STATCOM. These mitigation techniques are 
beneficial which will mitigate the occurred sags and provide regulated continuous power for the 
industry for the entire plant. Understanding the operation of these power electronic devices for 

sag mitigation is an important aspect. 
 
3.1   Uninterruptable Power Supply (UPS) 
UPS is an electrical device that provides backup power via battery to a load when regular utility 
power is lost. Depending on the UPS, some can protect against voltage spikes or power surges 
that help protect every piece of equipment connected to the UPS. UPS cannot be used for longer 
durations. Typically, they are only used for short periods to provide critical backup power until an 
alternate power source is provided. This will be essential when we are relying on electrical 
equipment to run, and we cannot afford a power outage. Some examples of this might be when 
we are needing to keep a control cabinet and an industrial application running to make sure that 
we are monitoring and controlling critical functions of the cabinet. Also, it allows us enough time 
to save critical data on a computer for instance that might be due to a sudden power outage. If 
the UPS that we are using does have surge protection that can assist in protecting the equipment 
against any power surges that can damage that equipment which can be very expensive and 
time-consuming to replace. They can also act as a bridge while the backup generator is coming 
online and synchronized with our electrical system. There are two types of UPS, online and 
standby. 
 
In online UPS, the connected equipment is continuously drawing power from the battery through 
the converter, so no switching is necessary. Utility power is then used to keep the battery charged 
continuously, allowing seamless power during an outage and can better protect electrical 
equipment it is protecting. The advantages of UPS are stable AC voltage and frequency without 
harmonics supplied to the load. There is no switching between the AC supply and battery; there is 
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no transfer time or "dead" time. The disadvantages are not cost-effective and much complexity in 
the system. 

 
FIGURE 5: Simple Online UPS [18]. 

 
In standby UPS or off-line UPS, the normal utility power supplies the protected equipment. When 
the voltage reduces to a certain level, the UPS will mechanically switch the connected equipment 
to the inverter located on the UPS. At this point, the UPS will then begin providing power from the 
battery. The disadvantages are the output voltage is not regulated; there is a transfer time or 
“dead” time when switching operating modes, there is no protection for harmonics and the system 
does not protect against any other disturbances other than blackouts. 
 

 
 

FIGURE 6: Simple off-line UPS [18]. 

 
3.2   Dynamic Voltage Restorer (DVR) 
A Dynamic Voltage Restorer (DVR) works in a series condition which is known as a series 
voltage compensator. It works with a voltage source inverter, with an energy storage device such 
as a battery and some controllers. A DVR detects the voltage sag and compensates so that the 
sensitive loads which are connected are affected and stay reliable. This technique is useful 
because it is not complicated, and the results are very useful. A DVR injects a required three-
phase voltage with magnitude and frequency in synchronization to the affected voltage due to 
sags, thus provides a continuously regulated supply. 
 
The amplitude and phasor angle of the injected voltage will be variable. Therefore, it allows 
controlling the exchange of real and reactive power between the dynamic voltage restorer and the 
distribution network which leads to the improvement of the complete electrical system. The 
operation of a DVR is explained in the diagram shown below. The schematic typically illustrates 
whenever the sag occurs the controllers will detect the unregulated voltage and forward the 
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information to the injecting transformer controls, thus supplying the regulated power supply to the 
sensitive loads connected to the secondary distribution of the transformer. 

 
FIGURE 7: Typical DVR structure [18]. 

 
3.3   D- STATCOM Technique 
The STATCOM is a static compensator. Distribution Static Compensator (D-STATCOM) is used 
in distribution networks. It is a connected shunt device to the distribution network placed on the 
busway. It regulates the voltage by either generating or absorbing reactive power. This method 
can compensate for the bus voltage or line current. The static compensator can be operated in 
two modes depending on the parameter which it regulates. These types are known as Voltage 
mode operation and Current mode operation. 
 
In the Voltage mode operation, it can regulate the distorted voltage and supply a pure sinusoidal 
voltage even if there are any imbalances in the supply voltage. The Current mode operation 
forces and makes the source current to be balanced sinusoidal wave also if there are harmonics 
in the load current. When system voltage is low, the STATCOM generates reactive power, and 
when the system voltage is high, it absorbs reactive power. Thereby, we can say that a 
STATCOM acts as an inductor or a capacitor depending on the magnitude of the voltage.  

 
FIGURE 8: D-STATCOM Structure [18]. 
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4. THE INDUSTRIAL PLANT 
4.1 Case Study on Industrial Network 
The industrial network deals with different levels of medium voltage. So, understanding the 
network is a very crucial part. Several numbers of loads are fed from the medium voltage 
transformers. In these loads, there are multiple numbers of motors connected through each 
distribution panel. These power distribution panels are fed directly from the medium voltage 
substations. The most critical loads which are sensitive to voltage sags are situated in the central 
utility building. This building has multiple induction motors that are connected to chillers, high-
pressure water heaters, and boilers.  
 
The control panels control these all, and Variable frequency drives protect the motors. VFDs and 
control panels are very sensitive to interruptions, and they need a continuous power supply to 
turn on the large machines. So, this makes a good base for the research towards the mitigation of 
voltage sags. 
 
4.2 Understanding The Electrical Distribution of Factory 
The industrial network starts with a 120kV switchgear which is fed from the NV energy utility 
company. Then later the 120kV is stepped down and transformed to 34.5kV via two delta-wye 
transformers of 132MVA capacity. This transformed voltage is distributed to the two-individual 
switchgear, switchgear 701 and 702. From these two switchgears, individual feeders are run to 
feed the substations. At the substation level, the 34.5kV voltage is again transformed into 480V in 
the substations through the built-in 4167 kVA transformer. These substations distribute the step-
down voltage of 480V to the power distribution panels through a 5000A breaker and then later 
through distribution panels required voltage is supplied to the tools. Our base location for 
research is the central utility building; this building has six substations named C01, C02, T01, 
T02, D01, and P01. The 34.5kV feeders coming into substations C01, C02, T01, and T02 are 
stepped down to 480V through a 3640 kVA transformer and supplied to the tools which require 
this voltage. The other two substations D01 and P01 are transformed from 34.5Kv to 4160V 
through a 12.5MVA transformer and then supplied to the tools which require 4160V. There is also 
an emergency feed of 24.9 kVA coming from the switchyard which feeds these substations. This 
emergency feed is 24.9kV is stepped down to 480V via 300kVA transformer. This emergency 
feed is used through a panel A01, whenever there is a downtime in the normal feeders. 

 
5. DYNAMIC SAG CORRECTORS 
The sensitive equipment in the industry is fed from all the substations mentioned above. The 
480V is supplied to the individual control panel and motors. These control panels have 
susceptible tools. These vulnerable devices can be contactors, controlled relays, rectifiers, 
thyristor-controlled motor drives, and adjustable speed drives. These all are very sensitive and 
susceptible to minimum voltage sags, and some of the equipment is designed with power storage 
as many manufacturers are doing it. But for the industry cost comes into a question and they buy 
the general equipment without any additional features. A typical end-user customer does not think 
of any voltage sag susceptibility when purchasing the equipment. A semiconductor manufacturing 
industry SEMI F47 and CEBMA both recognized the sensitivity to voltage sags and proposed the 
standards for input voltage magnitude and duration so that equipment can tolerate the dips [19]. 
 
The Dynamic Sag Corrector (DySC) was designed and evaluated first in 1998 to protect the 
sensitive equipment to voltage sags and for their mitigation. It was designed under certain 
principles. As we know the cost comes first. It is a cost-effective device that costs less than other 
mitigating devices that are available in the market. A standard dynamic sag corrector can protect 
against 92% of the events known by the tests conducted by DPQ [19]. These sag correctors can 
mitigate sags up to 50% of the nominal voltage drop up to 2 seconds. The size and weight vary 
on the number of phases. It can go up to 1.5 kVA to 2000 kVA. 
 
A Dynamic sag corrector is typically known as a power conditioning device which is connected in 
a series-parallel combination and provides significant results towards mitigating voltage sags. The 
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DySC can protect against voltage interruptions and transients and temporary power losses. There 
are three types of sag correctors depending on their size and phases.   
 
5.1 Mini Dynamic Sag Corrector (MiniDySC) 
The MiniDySC is connected to a single-phase line and is thus called a single-phase MiniDySC. It 
is originated from a voltage boost circuit. This device is configurable and can be operated in 
voltage boost mode or bypass mode. A MiniDySC can regulate 100% voltage and can provide it 
to the incoming AC line voltage. It can mitigate sags that are deeper up to 50%. The most 
common in all DySC is the static bypass switch will remain in turned ON position under all normal 
power conditions. This will allow the DySC to maintain a constant and efficient single-stage power 
throughout without any harmonics.  
 
The static bypass switch will be turned OFF, and the IGBT inverter gets to begin the operation 
when the switch detects the difference in line to neutral voltage. The commutation of a thyristor is 
accelerated by the injection of voltage. The difference in desired and missing voltage is 
calculated, and that difference becomes the reference point for the IGBT inverter voltage 
regulator. The circuit can be modified to supply only the missing voltage to compensate for the 
voltage sags. The DySC takes less than 1/8 cycle to detect the voltage sag, accelerate the 
thyristor, and to begin the compensation. 
 
Moreover, the DySC does not depend on stored energy to mitigate the missing voltage; it draws 
power from the input line whenever it finds the reduction in voltage magnitude to 50% or even 
less. The MiniDySC will have sufficient energy storage to compensate for 100% of missing 
voltage up to 3 cycles. By adding the additional capacitors can increase the ride through time up 
to 15 cycles. 
 

 
 

FIGURE 9: Mini Dynamic Sag Corrector [19]. 

 
5.2 Three-phase ProDySC and MegaDySC  
The MiniDySC is applied to single-phase applications up to 500 kVA. From there it is realized that 
it can be adopted for three-phase applications up to 2000 kVA with a new product called 
ProDySC. It offers desired solutions when the device is connected to a series-coupled 
transformer mimicking the other available solutions in the market, like SSVR or DVR.  These 
products work by inserting a transformer in series with the lines and injects the missing voltage to 
compensate sags. Most of the Dynamic sag correctors can mitigate sags until 50% of nominal 
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voltage drop but providing an external storage device can improve the ride through time for 
deeper voltage sags. 

 
 

FIGURE 10: Series circuit provides a load current circulation path [19]. 

 
5.3 The MegaDySC 
The applications for which they require ultra-clean and more reliable power from the utility, the 
only solution for this is to use external sources like UPS and generators. At the distribution level, 
the chances of the occurring voltage sags are low, but at the lower level, there might be more 
chances that they occur and create faults downstream but not affect any upstream breakers. 
However, the use of individual feeders or by using static transfer switches is not enough to 
mitigate or reduce the voltage sags or short time interruptions. This technique is very costly, and 
performance is not reached to the desired expectation. So, this technique is not widely accepted 
or adopted. Some authors recently proposed a new solution for this to improve the performance 
of MegaDySCs with a fast transfer vacuum switch to a dynamic sag corrector which would 
provide more reliable power to the system. This method can even offer a solution for the 
transmission level sags.   

 
FIGURE 11: MegaDySC with a vacuum transfer switch [19]. 
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6. SENSITIVE TOOLS 

6.1 Power Supplies 
Essentially a Power supply is a device that provides power to an electrical load. The main 
function of a power supply is to take electrical energy and convert it from one form to another 
form such as AC to DC or vice versa. In some cases, power supplies are even referred to as 
electric power converters. Depending on its design a power supply may obtain energy from 
different types of energy sources, including electrical energy transmission systems, batteries or 
solar cells, electromechanical systems such as generators and alternators, or another power 
supply. 
 

 
 

FIGURE 12: Simple AC to DC converter power supply [20]. 

 
The above-shown circuit is an AC to DC converter. In this 120VAC is converted to 24VDC. All 
power supplies have input, which receives energy from the source and output that delivers 
energy to the load. These power supplies play a major role in electronics, especially in the case 
of programmable logic controllers. PLCs need for power supply for their input and output racks. 
SEMI developed standards for power supplies to make the connected loads ride through voltage 
sags. The power supplies can act as power conditioners that protect the connected equipment by 
providing a continuous supply. 
 
6.2 Contactors 
These are one of the main sensitive devices to the voltage sags. Whenever a relay is used to 
switch high amounts of power through its contactors then it is characterized as a new device 
called Contactor. Contactors are used by electrical equipment which is frequently turned OFF and 
ON with the opening and closing of the circuit. The operation and function of a contactor are to 
turn ON and OFF all power supply lines running to a load or to repeatedly establish and interrupt 
an electrical power circuit. These contactors can be seen in control circuits and can act as a 
switch or a starter for motor control circuits. Typically, the contactor is operated with a lower-
powered circuit as low as 24V can start a 230V motor. Contactors are classified into two types, 
IEC and NEMA. Contactors are differed by their speed, size, and operation time. 
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FIGURE 13: Contactor connected to a motor [21]. 

 
6.3 Relays 
According to the IEEE standard dictionary, relays are kind of switches that will open and close 
electromechanically. These relays can control a circuit by opening or closing the contacts of 
another circuit. Commonly in the relays, there is a closed contact when the relay is not energized.  
Even if the relay has open contact, then it is possible that it is not energized. In both cases 
applying the electrical current can change their states of contacts. 
 
These relays are normally used to start the smaller currents in a control circuit. So, in a simple 
way relays can even start or control the motors which consume larger voltages or currents. In 
some cases, protective relays can even protect the circuits from overcurrent or under current 
situations by detecting the voltage difference. There are two types of relays; one is 
Electromagnetic Relays (EMR) and Solid-State Relays (SSR). The main difference between 
these two relays is the requirement of the electrical load, cost, and reliability. Nowadays the solid-
state relays have become more popular and are widely used than electromagnetic relays. 
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FIGURE 14: Electromagnetic Relay (EMR) [22]. 
 
 

 
 

FIGURE 15: Solid State Relay (SSR) [22]. 

 
6.4 Variable Frequency Drives 
The use of variable frequency drives has been increased in all HVAC applications. These are 
commonly used in chillers, compressors, pumps, and air handlers. A VFD uses power electronic 
devices to control the frequency of input power to the motor. This helps in controlling the speed of 
the motor. A VFD consists of mainly three sections which are, rectifier, DC bus, and inverter. A 
rectifier typically converts the AC voltage into DC voltage by allowing positive and negative 
voltage to each diode. After the voltage is converted, it is stored on a DC bus. This DC bus is 
loaded with capacitors to store the DC voltage. Then from the DC bus, the voltage is supplied to 
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the inverter. The inverter contains transistors that can switch ON and OFF several times in a 
second. This makes a VFD to supply power precisely to the motor. IGBT transistors are mostly 
used nowadays in VFDs. 
 

 
 

FIGURE 16: Structure of VFD [22]. 

 
These variable frequency drives are very sensitive to voltage sags. Variable frequency drives 
need continuous power to maintain the sinusoidal waveform and can supply continuous power to 
motors which can be operating the compressors, chillers, and air handlers. Improving the VFD's 
performance will be discussed in later sections of this report. 

 
7. PROPOSED METHODOLOGY 

Fundamental control components are used in every type of equipment; a basic understanding of 
their response to voltage sags can help designers build and service a more reliable process 
machine. Basic control components include, but are not limited to Relays, AC Contactors (Motor 
Control Relays (MCR) and Starters), DC Power Supplies, Controllers (PLC), Adjustable speed 
drives (AC and DC). These components need to be made more robust to help them ride through 
voltage sags. The industrial plant was observed and carefully studied and the sag events on the 
substations were reviewed. The following modifications were proposed and implemented in 
sensitive devices such as power supplies, relays, contactors, and variable frequency drives to 
improve the voltage sag immunity for these susceptible tools. 
 
7.1 New Equipment Design 
Equipment specifications must meet SEMI F47 and other equal standards. As mentioned in 
section 1.2. SEMI has developed the voltage sag standards and has put effort to set the voltage 
sag standards. Therefore, each equipment or tool specification should be modified according to 
the requirement of the industry considering these SEMI F47 standards. 
 
7.1.1 Design of Control Circuits and Its Components with DC Power 
DC power supplies have a “built-in” tolerance to voltage sags because of ripple-correction 
capacitors inside as AC power supplies do not have the tolerance to voltage sags since they do 
not have inherent energy stored in them. When SEMI standards are used the circuit becomes 
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more tolerant. There are many types of DC power supplies available which are SEMI F47 
compliant in that some of them are Siemens SITOP PSU8200 and PULS DC power supply. 
Changing the control circuit input from AC to DC can improve the immunity of the system. When 
coupled with DC I/O on the system, power conditioning is rarely needed. The tolerance of DC 
Power Supplies is dependent on the topology and load. Switch-Mode DC supplies are more 
tolerant than unregulated supplies. DC supplies lightly loaded will be more tolerant than heavily 
loaded supplies.  
 
The EMO circuit is typically more vulnerable to voltage sags. According to the tests conducted by 
SEMI, 47% of the time EMO circuit tripped because of the main contactor and EMO relay. These 
contactor and EMO relay specifications need to be changed to improve the voltage sag ride-
through immunity for the circuit. Whenever the sag occurs the components in the circuit, tend to 
trip when the voltage drops below the nominal voltage. This is mainly due to the weak 
components which are used in the circuit. So, when the voltage is dropped during the sag, it 
affects not only the normal circuit operation but also, the emergency of the circuit. These weak 
links need to be made more robust. DC power supplies and sag tolerant relays and contactors 
can help the circuit to ride through voltage sags. 
 

 
FIGURE 17: Emergency control circuit [23]. 
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FIGURE 18: DC powered PLC circuit [23]. 

 
7.1.2 DC Power Supply Buffer Module 
DC Buffer module is a device that is installed in parallel with the output of the DC power supply to 
offer extended time for voltage sag ride-through protection. There are many manufacturers of DC 
voltage buffer modules. Most manufacturers say that buffers can be used in parallel to supply 
more energy. These modules can supply power up to 15 seconds at full load current in the event 
of an interruption of DC power. Power failures usually last only for fractions of a second. 
However, they can cause time and cost-intensive damage to sensitive production areas. A 
reliable power supply is the basis for every manufacturing process, every plant and ensures 
reliable interruption-free operation. DC UPS modules offer protection against longer power 
failures. The maintenance-free DC UPS provides reliable 24 V with capacitors for up to several 
minutes, and by the DC UPS with battery modules for up to several hours. The advantages of the 
buffer module, it is easy and fast to connect the basic module to 2 lines for protection against 
short power failures. Buffering time 100ms to max.10s, depending on current load Multiplication 
possible using parallel switching The DC UPS bridges lengthy power failures. 

 
FIGURE 19: DC Operation of Buffer module [23]. 
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7.1.3 Trip Curves for Circuit Breakers 
Equipment with AC-DC converters can respond to voltage sags by drawing high inrush currents 
when the voltage supply returns to normal. During a Sag event, the capacitors in the AC-DC 
converters will discharge. At the end of the sag, the sudden presence of a full voltage causes the 
discharged capacitors to recharge rapidly. The magnitude of inrush currents depends on the 
depth and duration of the Voltage Sag. The resulting current transient may be large enough to trip 
the circuit breakers that have a quick response time.  This voltage sag to 40% of the nominal 
voltage drop caused the capacitors in a variable-frequency drive to discharge. When the input 
voltage returned to normal after six cycles, the capacitors suddenly recharged, causing a high 
inrush current that peaked at 360% of the normal operating current. To avoid this, the power 
supply design must be modified to lower the DC bus under voltage trip point, and the circuit 
breaker should be modified without an instantaneous trip. 

 
FIGURE 20: Sag recovery curve with high inrush currents [24]. 

 
7.2 Modifications in Existing Equipment 
In general, for the existing equipment, these solutions involve fixing the individual “weak links” 
components of a tool to increase the overall ride-through of the entire system. Embedded 
solutions are attractive since they, in theory, do not require to add a power conditioning device, 
but instead involve using more robust or improved components in the tool design. So, the 
common weak links are relays, contactors, Variable Frequency Drives (VFD), and programmable 
controllers. 
 
7.2.1 Modifications in AC Control Relays 
If AC Relays used in the circuit design, then we need to use some sag tolerant components. AC 
relays and contactors can be made more robust by changing their specifications.  
 
These specifications include an integrated module solution that, a voltage sag tolerant general-
purpose DC DPDT relay allows for the quick, easy replacement of an existing AC DPDT sensitive 
24Vac or 120Vac relay for retrofit or new applications. 
 
This solution vastly improves the voltage sag ride-through characteristics of previously vulnerable 
electrical control system circuits like emergency off circuits (EMO) in semiconductor tools and 
modern production lines with no capacitance incorporated in the design. Therefore, with no time 
delay for dropout. So, these Nice Cube configured relays can go up to 30% of nominal voltage 
thus allowing more room for voltage sags. 
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FIGURE 21: Configuration of Nice cube relays [25]. 

 
7.2.2 Modifications In Contactors 
For the contactors, the low voltage ride through module developed by PQSI, these act as a coil 
lock hold in a device. This module is placed on top of the contactor which directly holds the 
copper contacts inside the contactor. This Coil-Lock is designed to make sure that any time if 
there is a voltage drop up to 25% in input voltage, the AC coil maintains enough energy to hold 
the critical contacts of the contactor. When there is a voltage drop of more than 25%, the coil lock 
releases the coil and turns the system off thereby ensuring safety. To properly apply the Coil-
Locks to the contactor the best way is to determine the DC resistance of the Ac coil of the 
contactor. Once we have the DC resistance of the AC coil of a contactor, we can select the 
appropriate model from the PQSI’s coil lock devices. 
 

 
 

FIGURE 22: Contactor with Coil-lock hold in the device [25]. 

 
7.2.3 Modifications In Programmable Logic Controllers (PLC) 
PLCs are more susceptible to voltage sags. Voltage sags that occurred for at least a cycle can 
affect the PLCs, tending to the shutdown of control systems and causes loss of production time. 
Proper hardware and software integration can improve the response of the systems towards 
power disturbances. When addressing voltage sag-related problems, it is important to ensure that 
the PLC and the I/O control power are robust. Mitigation techniques like using power conditioners 
for the AC voltage circuits or installing a robust DC control power can provide effective mitigation. 
There is a need to select the best power conditioning devices to ensure the entire system must 
work efficiently. Some of the power conditioning devices that produce square-wave outputs are 
not compatible with all PLC systems. A three-phase AC supply is used as an input to the 24V DC 
output power supply. A small power conditioner is used if a PLC AC power supply is integrated 
into the module. 
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A more robust approach is to use a DC power rack supply and a robust DC power supply for the 
control, at 50% of nominal voltage PLC can still ride through even AC I/O starts to stop. Delay 
filters can be used to verify the presence of power and used as a “de-bounce” mechanism when 
the components in the circuit drop out due to voltage sag. A program is designed to detect the 
auxiliary contact is open for more than 250ms. If the contact is open for more than a preset time, 
then the “Timer on Delay Coil” in Rung 2 will be set and unlatch the previous rung to eliminate 
voltage from the motor starter. 
 
7.2.4 Drive Configuration Settings 
VFDs are more important for an integral part of the equipment in many continuous processes and 
other applications. Because of the wide usage of VFDs in the process industry, the momentary 
voltage sags have a large impact on production equipment operation, and this has become a big 
problem for the end-users. The total industrial plant production will stop due to the tripping of 
VFDs, which results in financial losses with downtime, loss of the equipment, and even in some 
cases damage to the product. The effect of sag depends on available fault current, system 
impedance, and distance from the fault. In most scenarios, the magnitude of the sag is about 60 
to 70% of the nominal voltage drop. So, there is a need to protect these VFDs from not tripping 
during the momentary voltage sags. The manufacturers do not enable some of the parameters in 
the VFDs. But these parameters can be changed to help VFDs to ride through voltage sags. 
There are different kinds of options available in VFDs such as automatic restart, catch a spinning 
load, and the current, torque limits can set a drive to tolerate voltage sag. 
 
AC Drive Parameters that could improve ride-through are: 

a. Automatic Reset and Restart Functions. 
b. Motor- Load Control Functions (Flying Restart). 
c. Acceleration /Deceleration / Current / Torque – Limits. 
d. Phase-Loss and DC Bus Under voltage Functions. 

 
7.2.5 Installation of Dynamic Sag Corrector 
After the case study of the industrial plant, it is discovered that the central utility building has more 
critical loads than any other sections of the plant. This building contains all the central 
compressor units and air handling units. Some of them are high pressure compressed air, low 
pressure compressed air, and reverse osmosis skids. These systems supply the entire plant. This 
equipment is run 24/7 to maintain the building. Even a one-hour downtime may cause a loss of 
thousands of dollars and therefore is a critical need to protect this equipment. 
 
The High-Pressure Compressed Air (HPCA), Low-Pressure Compressed Air (LPCA), and 
Reverse Osmosis skid (RO) are considered as the main base for this research and install the 
MiniDySC. Some other systems have also connected with MiniDySC. On the HPCA the control 
voltage is 120Vac through a 4160V/120V, 1kVA transformer. MiniDySC has been installed on the 
secondary side of the transformer to protect sensitive tools. For the LPCA and RO skid, the 
control voltage is 120Vac through an individual 480V/120V, 1kVA transformer. These units have 
two central units that have different control circuits.  
 
So, each of them requires a MiniDySC to compensate for the missing voltage during the voltage 
sag event. These MiniDySCs are of 120V and 12A to 25A depending upon the system 
requirement. HPCA, LPCA, and RO skid have individual motor control panels in which they have 
the control circuit to start the compressors. These Motor control panels are C1-ACP-211-003: 
LPCA 3, C1-ACP-212-003: HPCA 3, C1-ACP-211-001: RO skid. The below-shown wiring 
diagrams of the individual system are provided by the vendor. 
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FIGURE 23: Site location of MiniDySC installation for HPCA. 
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FIGURE 24: Site location of MiniDySC installation for LPCA. 
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FIGURE 25: Site location of MiniDySC installation for RO skid. 

 
8. IMPLEMENTATION AND RESULTS 

After studying the industrial plant and understanding the sag events on the substations, 
modifications proposed above were applied in sensitive devices such as power supplies, relays, 
contactors, and variable frequency drives to improve the voltage sag immunity for these 

susceptible tools. 
 
8.1 Relays and Contactors 
As proposed in the earlier sections, the Ice cube relays get replaced with Nice cube relays. These 
Nice cube relays are very useful to voltage sags and can protect the equipment even if the 
voltage drops to 30%. If the control circuit is AC then, PQSI 120Vac Nice cube relays can be 
used. If the control circuit has the DC power then, 24Vdc nice cube relays can be replaced with 
ice cube relays. As the industrial plant is enormous and the machines run continuously, it is not 
possible to shut down the systems at the same time to make these proposed changes. It takes 
time to apply these modifications to each of the individual control circuits as they need to be shut 
down at a particular time when they are not in usage. Sample results and equipment 
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specifications are shown below as they accurately represent the results of industrial applications. 
The graph below is the comparison between the Ice cube and Nice cube configured relays. AC 
Ice cube relays will tolerate the sags only up to 75%, whereas the DC Ice cube relays can tolerate 
sags up to 58%. When both AC and DC Ice cube relays are compared to the AC and DC Nice 
cube configured relays, nice cube relays are far better in operation during voltage sag events. 
These Nice cube relays can go up to 25% of voltage drop. So, these relays will be installed in 
each control circuit to avoid the tripping of the circuit.   

 
Figure 26: Nice cube relay voltage sag ride-through curves [26]. 

 
When it comes to Contactors, these can ride through voltage sags until the voltage drops to 20% 
of nominal voltage with coil-hold in a device installed on it. These get installed in every control 
circuit of individual systems. The coil-hold in the device de-energizes when the voltage drops 
more than 20% nominal voltage and helps in the safe functioning of emergency off circuits. 
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Figure 27: Voltage sag ride through curves for contactors [27]. 

 
8.2 Variable Frequency Drives 
Variable frequency drives play a vital role in all the compressors. HPCA, LPCA, and RO skid 
have these VFDs which protect the motors running the compressors. All these VFDs need to be 
SEMI F47 compliant to protect the motors from damage during the voltage sag events. The 
Siemens VFDs which are running the motors of HPCA and LPCA are not SEMI F47 compliant. 
But the Schneider's VFDs running RO skid are SEMI F47 compliant. The Siemens variable 
frequency drives need to be modified with parameter changes to make them tolerate voltage 
sags. The following parameters have changed in these non-SEMI compliant VFDs. These 
parameter changes in these drives ensure continuous operations during the voltage sag events. 
But unfortunately, we cannot monitor the sag events on these VFDs. The only way we can control 
by installing an additional power monitoring device on top of it. 
 

 
 

TABLE 3: Parameter changes in variable frequency drives. 
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The other kind of VFDs is SEMI F47 compliant which is running RO skid. These VFDs have the 
built-in parameters that are automatically set to the default values by the manufacturer to make 
them ride through voltage sags, and these values can be changed depending upon the 
application. So, for the RO skid, the parameters have been adjusted accordingly to make the 
VFDs more tolerable to voltage sags. 
 

Parameter Settings 

Input phase loss Ignore 

Catch a spinning load Yes 

UV Timeout 3 Sec 

Dynamic Torque High Torque A 

 

TABLE 4: Parameter settings for SEMI F47 compliant VFDs. 

 
8.3 Mini Dynamic Sag Corrector 
As proposed in section VI. e, the Mini dynamic sag correctors installed on all these three systems 
HPCA-3, LPCA-3, and RO skid. Other systems are also installed with MiniDySC, but they are not 
included in this research but are shown in the installed list. HPCA-3 and LPCA-3 have three 
control circuits. One for the motor starter, another for compressor control, and the last is for Air 
dryer. RO skid has only one control circuit for the reverse osmosis process. 
 

 
 

FIGURE 28: MiniDySC installation on HPCA-3. 
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FIGURE 29: MiniDySC installation on LPCA-3. 

 
 

 
 

FIGURE 30: MiniDySC installation on RO skid. 
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8.4 Sag Events and System Ride Through Curves 
The industrial plant experiences on average 10 to 15 voltage sag events per year. The worst sag 
experienced was about 49% on the Mira-Loma substation due to heavy winds. So, in these 
cases, all the systems were not able to ride through the voltage sag. This voltage sag affected 
HPCA, LPCA, and RO skid along with some other systems. The sag occurred on 7/26/2018 with 
a magnitude of 52% nominal voltage drop up to 29 cycles on all three phases in the time frame 
18:15:59:281 and fully recovered at 18:15:59:441. So, this event caused the equipment to stop 
operating for 15 minutes. At the time the sag started, all equipment gradually stopped working 
one after the other. These sag events are monitored by power monitors placed on top of the 
substations. All the sag events recorded are seen in the Schneider electric power monitoring 
expert software.   
 
The tools which have been affected through this voltage sag are HPCA, LPCA, and RO skid. 
Also, some of the other chillers have been affected. For instance, only three equipment results 
are shown. The figure shows the motor starter current waveform for all this three equipment. 
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… Expanded view of the above figure at the initial stages is: 
 

 
 

FIGURE 31: Recorded Voltage sag event waveform on 7/26/2018. 
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… Expanded view of the above figure at the initial stages is: 

 
 

FIGURE 32: Waveform of affected equipment during the voltage sag event. 
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During this sag event, all three equipment were affected because the tools did not have voltage 
sag immunity standards, and they were not SEMI F47 compliant. This equipment was feeding 
only from a 34.5kV substation, and there were no power conditioners installed on them.  All the 
precautions listed in the earlier chapters were taken to protect this equipment from further voltage 
sags. 
 
There was another voltage sag event that occurred very recently on 02/26/2019. So far this was 
the worst sag that occurred in 2019 which was from 17:46:02:566 and the duration was 
0.083000s.  The voltage sag magnitude was worst as it went down to 49% of the nominal voltage 
on one of the phases. All equipment was able to ride through this worst voltage sag because of 
the installation of Mini Dynamic Sag Correctors on them. 
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… Expanded view of the above figure at the initial stages is: 

 
FIGURE 33: Recorded voltage sag event waveform on 02/26/2019. 
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The same tools which have been affected on 07/26/2018 due to voltage sag were not affected 
during this recent sag event. The waveform shown below illustrates that there was a continuous 
operation during the sag event. None of the equipment failed due to the MiniDySCs. 

 
… Expanded view of the above figure at the initial stages is: 

 
 

FIGURE 34: Equipment ride through curves during a voltage sag event. 



Shiva K Sadula, Rajab Challoo, Xingang Fu & Shuhui Li 

International Journal of Engineering (IJE), Volume (13) : Issue (1) : 2021 44 

9. ECONOMIC ASPECTS OF DYNAMIC SAG CORRECTOR 

A Mini Dynamic Sag Corrector is a tiny device 22" x 10" x 4" which can easily fit into any system 
with no additional space required. The MiniDySC goes from 10A to 25A with a single-phase 
120V, and the cost depends upon its amperage which goes from $1500 to $2200. These are very 
cost-effective devices for process equipment protection to voltage sags. The industrial plant 
required 20 MiniDySCs to protect equipment mentioned for a price of less than $30,000. Instead 
of choosing the Dynamic sag correctors, if UPS were installed in a plant to protect the entire plant 
from the voltage sags, it would have cost 5 million dollars. This control level mitigation technique 
has saved a lot of money for the plant.   

 
FIGURE 35: Cost analysis for different levels of mitigation techniques [28]. 

 

 
 

TABLE 5: Per unit cost of MiniDySC. 
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The table above indicates the per-unit price of each MiniDySC and the location of installation with 
a part number. The vendor from Allen Bradley provides the cost and part number. 

 
10.   CONCLUSION AND FUTURE WORK 
The demand for the quality of power has increased in the power sector, and it has become a 
prominent issue. Thus, there is a need to solve problems affecting power quality. Among all the 
power quality problems, voltage sags are the most common power quality problems which cause 
the momentary losses of power in the systems which tend to damage the equipment. In all the 
mitigation techniques available in the market, the control level mitigation technique is the most 
cost-effective solution for voltage sags mitigation. In this research, the available mitigation 
techniques are presented. But the control level mitigation technique has been highlighted. This 
research focused on mitigating voltage sags at the control level through a cost-effective method 
using mini dynamic sag corrector at low voltage systems and proposed control level embedded 
solutions for equipment design and modified the technical aspects of electrical devices to 
facilitate the control circuit to ride-through voltage sags.   
 
At the control level, the Mini Dynamic Sag Correctors are most effective in compensating for the 
missing voltage in the lines during a voltage event. The IGBT transistors inside the dynamic sag 
corrector are very fast in switching thus allowing in transmitting the required regulated voltage to 
the system. These devices can even protect the equipment from transients and momentary 
interruptions. It has been shown from this research work that it is possible to mitigate voltage 
sags at the control level by modifying the specifications of the process equipment such as relays, 
contactors, programmable controllers, and variable frequency drives.  
 
For each piece of equipment, we can improve the ride through immunity by making the proposed 
changes, and for relays instead of using ice cube type, we can configure them to the Nice cube 
which enhances the robustness of the relay. For the contactor, we can use a coil-lock hold in the 
device which can hold the contactor by not tripping during the event of voltage sag. For the 
programmable controllers, we can use the DC power supplies to power the input rack which helps 
in providing uninterrupted supply and can also perform state machine programming to retrieve 
data that can be lost when the sag occurs. Delay filters can be used to remove the voltage from 
the main contactor if the contactor is open for more than the pre-set time thus allowing the plc to 
run in a healthy condition after the event of voltage sag. When it comes to variable frequency 
drives, these are very sensitive to voltage sags, and immunity standards can be improved by 
enabling some of the parameters like automatic restart and catch spinning load techniques which 
were being used in our research to make a VFD more robust to voltage sags. All the equipment 
needs to be certified by SEMI F47 and should meet the requirements of voltage sag immunity 
standards. 
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