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ABSTRACT In order to enhance the effectiveness of voltage sag governance and the practicability of the
process immunity assessment method, an immunity assessment method for the assembly line process is
proposed, fully considering the relationship between logistics line and power line, and thoroughly portraying
the relationship between equipment and its links in depth. Combinedwith the existing voltage tolerance curve
test results, the power line immunity time is reasonably evaluated considering the response delay of each
device. In addition, the fault probability is quantified considering the possibility of equipment failure and its
link repairing. On this basis, the minimal cut-set method is adapted to standardize the constructed random
network of logistics lines. The immunity of the whole manufacturing process is evaluated through series-
parallel logical analysis. In the end, the paper mill is taken as a sample to illustrate the proposed method.
The deviation between the average annual economic loss obtained from model evaluation and this typical
producer’s survey loss is regarded as the basis for the measurement of the effectiveness of the method. The
results show that the immunity of the process can be accurately evaluated for the deviation of the evaluation
obtained by the proposed method is relatively small.

INDEX TERMS Voltage sag, voltage tolerance curve, process immunity time, minimal cut set.

I. INTRODUCTION
During the sensitive industrial process, there are numerous
control and motor driving equipment that are sensitive to
voltage sag and power supply interruption. Equipment fail-
ure caused by a voltage sag or interruption event will often
lead to disruption of production and serious comprehensive
economic losses [1]–[5]. The development of loss assessment
and the design of the treatment scheme is based on the
effective assessment of voltage sag and interruption immunity
during the process of production. Therefore, it is necessary to
make research on the method of voltage sag and interruption
immunity assessment for sensitive industrial processes.

The evaluation of fault probability on voltage sag of sen-
sitive equipment is usually based on the voltage tolerance
curve (VTC) model of equipment. A large number of exist-
ing studies have tested the VTC of various sensitive equip-
ment. Literature [6]–[8] test different types of AC contactors
(ACC), and summarized the shape of VTC. Literature [9]
analyzes the influence of temporary voltage sag value, dura-
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tion, phasor type, and different load conditions on voltage sag
immunity of Adjustable Speed Drive (ASD) by comparing
the test results of VTC. Literature [10] discusses the VTC
test results of several personal computers (PC).

The key to process immunity assessment is to construct a
logical relationship model among equipment so as to estimate
the overall process fault probability based on the equipment
failure probability. Some scholars have studied the boundary
parameters and logical relationship structure of VTC, which
can be adjusted adaptively according to the sample data [11].
Literature [12] proposes a three-level risk assessment model,
which includes equipment, sub-process, and process, from
the voltage sag or interruption to production failure. It also
evaluates the process immunity with fault tree analysis. Lit-
erature [13] analyzes varieties of typical sensitive equipment,
constructs immunity time index based on producing process
parameters, and puts forward a general idea of process eval-
uation from the perspective of process parameters. Litera-
ture [14] introduces the series-parallel model to describe the
logical relationship between equipment and process. On the
basis of the previous study, the author considers the influence
of the action characteristics of protection mechanisms such as
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reclosing on the evaluation of outage probability again, and
makes a special study on the influence of short-term power
supply interruption caused by reclosing [15], [16]. Litera-
ture [14] considers how to combine the process immunity
time with a single typical sensitive device in the link, but
it does not Considering that multiple sensitive devices with
electrical connections in the link constitute the power line
structure, it is not explained how to coordinate the immune
time of multiple sensitive modules such as ASD and motors.
Literature [17] conducted a test study on the sag tolerance
of the link composed of the typical power line structure
of ACC-ASD-motor, but did not consider how to evaluate
the sag immunity of the entire industrial process composed
of different links. Literature [11], [18] considers different
types of sensitivity in the unified link how to evaluate the
failure probability of the combination of equipment, and also
consider the industrial process logistics line composed of
different links, but this method does not give the evaluation
and calculation method of process immunity time (PIT).

Therefore, it is also necessary to determine how to deter-
mine the different sensitivity in each link. The power line
composed of equipment is combined with the logistics line
composed of different links, and on this basis, a reason-
able PIT evaluation calculation method is given for further
research. The main contributions of this thesis are as follows:

(1) This thesis proposes a general industrial process struc-
ture to describe the relationship between the power line of
power transmission and the logistics line of product trans-
mission. The typical sensitive industrial power structure com-
posed ofACC,ASD, andmotors is unifiedwith the traditional
logistics line structure (industrial process structure) of each
link analyzed by the series-parallel module method and the
fault tree method. It further clarified how to consider the
concept of PIT in the evaluation of process immunity.

(2) This thesis also proposes a PIT evaluation method
for the ASD-motor sag-sensitive structure widely existing
in the industrial process, and gives a convenient calculation
formula.

(3) This thesis uses the minimum cut set method to convert
the module diagram that is consistent with the pipeline struc-
ture and is easy to draw but the logical relationship is not clear
into a standardized module connection diagram with a clear
serial and parallel logic relationship. It is more conducive
for researchers to obtain probability expressions based on the
evaluation knowledge of component-system reliability in the
basic probability theory, so as to solve the failure probability
relationship between each link and process.

II. RELATED CONCEPTS
A. PROCESS IMMUNITY TIME
PIT is defined as the time from the moment of voltage sag to
the time when the process parameters of the studied process
exceed the threshold and thus be judged as failure [14], which
here in after refers to as immunity time, as shown in Fig. 1.

FIGURE 1. Schematic diagram of process immunization time.

In Fig.1, Pnom is rated parameters value, Plimit is threshold.
t1 and t2 represent the time when sag occurs and when the
parameters exceed the threshold. 1T is the response dead
time and 1t is the fault response time of the sensitive equip-
ment.

B. VOLTAGE TOLERANCE CURVE AND VOLTAGE-
IMMUNITY TIME CURVE
VTC is mainly used to describe the two basic characteristics
of voltage sag, namely amplitude and duration. The points on
the curve are composed of critical voltage sag events that lead
to the failure of sensitive equipment. An event on the lower
right side of the curve causes the device to fail. As shown
in Fig. 2, the duration of the critical voltage sag event in the
region where the VTC amplitude is lower than the horizontal
segment of the curve is defined, in this thesis, as the critical
duration (CD) of the equipment. When the duration of the sag
exceeds CD at the corresponding amplitude, it will cause the
failure of the study equipment.

The voltage-immunity time curve (V-ITC) consists of two
dimensions: the voltage sag amplitude and the immunity
time of the sensitive equipment. Different from VTC, V-ITC
can record the time when the equipment fails under a cer-
tain grid-side voltage amplitude, from when the disturbance
affects the equipment to when the equipment is judged to be
invalid, such as the time when the ACC suffers a sag to the
effective separation of the moving and static contacts. When
the ASD suffers from a sag, the time from when the DC link
voltage is lower than the undervoltage protection threshold.

Therefore, V-ITC can establish the relationship between
grid parameters (the amplitude of the residual voltage at the
user’s access point or the amplitude of the voltage sag event)
and the process parameters (the parameters for judging the
equipment or the link where it starts, and the process failure).
By studying the V-ITC of each device, the PIT of process link
formed by equipment combination can be estimated roughly.

III. METHODOLOGY OF IMMUNITY ASSESSMENT
A. TYPICAL PROCESS STRUCTURE OF ASSEMBLY LINE
For a certain assembly-line process, objects are processed in
sequence through steps with specific functions. These steps
are the different links in the process, which are functionally
compatible with each other but remain independent in their
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FIGURE 2. Schematic diagram of voltage tolerance curve and
voltage-immunity time curve.

response to voltage sag. During a process, the production
chain composed of the above items and links is the logistics
line. The normal operation of each link requires the mainte-
nance of the corresponding power system. In a certain process
link, the power transmission line from the factory power
supply to the link power equipment/electrical equipment ter-
minal is the power line. The typical process structure of the
assembly line is shown in Fig. 3.

As shown in Fig. 3, the power line can be divided into two
parts: the electrical side and the process side. The electrical
side refers to the part from power equipment to the power
source. On this side, the parameter carrier of disturbance
propagation is the electrical quantity, and there are a large
number of sensitive equipment (SEQ) such as ACC and ASD.
The process side refers to the power equipment (PEQ) such
as the electric machine and the load side of the link. On this
side, the parameter carrier of disturbance propagation is the
process quantity.

In order to improve the response capacity of the production
link to the sudden power failure, minimize the loss of equip-
ment and ensure production safety, each process side and
link are generally equipped with an interlocking protection
system. When the process parameters cross the threshold,
the protection will be triggered and the link will fail, thus
affecting the whole production line.

B. RESPONSE MECHANISM OF EQUIPMENT FAILURE
Typical voltage sag sensitive devices include PLC, PC, ASD
and ACC. At present, most users have adopted UPS devices
for protection concerning low-power consumption and rela-
tively key control equipment such as PLC and PC. ACC and
ASD have become the sensitive equipment with the great-
est influences on users nowadays. As the most commonly
used power equipment in the industrial process, the electric
machine is worthy of attention on its sag response mechanism
and immunity.

1) ACC
When ACC suffers voltage sag, the voltage u at the end of
the main coil will drop rapidly, so that the electric current i
flowing through the coil decreases. Thus, the magnetic flux in

FIGURE 3. Typical assembly line process structure.

FIGURE 4. Schematic diagram of voltage sag response mechanism of ACC.

the iron core declines, reducing the electromagnetic force so
that it is not enough to overcome the effect of spring force.
In the end, contact points break away, resulting in power
supply interruption of controlled equipment. The voltage
sag response mechanism of ACC is shown in Fig. 4. The
meaning and impact of G, k, m, v in Fig 4 are shown in the
APPENDIX [7].

Based on the response mechanism of ACC, the key param-
eter to judge its functional failure can be selected as the
displacement x, which represents the position of the moving
iron core. The threshold value of x is the corresponding
displacement value when the contact is effectively separated.
When x crosses its threshold, it will lead to power supply
interruption. This time can be measured by building an inde-
pendent indicating loop and using the oscilloscope to monitor
potential signals at both ends of ACC. Through plenty of
researches, it has been discovered that the action time can be
ignored [6], [7]. Therefore, the 1t of ACC approximates 0,
namely, PIT approximates CD, which means that the VTC is
essentially coincident with V-ITC.

2) ASD
ASD is composed of the rectifier, direct current coupling
capacitance and inverter. Among them, the rectifier and
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inverter are belonging to the power electronic device with
extremely fast response speed, and their output can change
according to the variation of input immediately. Thus, the1t
of rectifier and inverter approximates 0, and the 1t of ASD
mainly depends on the direct current coupling capacitance.

When ASD suffer sag, it can be concluded from (1) that
the output voltageUdn of the rectifier will decrease according
to the drop of AC voltage effective value un. When the
output voltage is lower than the capacitor voltage, the capac-
itance will discharge through the load side circuit of the
inverter. Therefore, the DC bus voltage will experience the
transient process described by (2), and eventually reach the
steady-state voltage value Ud−t after rectification as corre-
sponds to the sag amplitude.

Udn = 2.34un (1)

Ud−t = Ud−sag + (Udn − Ud−sag)et/RC (2)

where Ud−sag is the terminal voltage of ASD when sag
occurs. According to this formula, the discharge time of the
capacitance mainly depends on the capacitance size C and
the resistance value R equivalent to the subsequent load and
has nothing to do with the input voltage. Therefore, when
the input sag amplitude is lower than a certain threshold Vth,
leading to the DC voltage after rectification is lower than
the DC voltage protection threshold, the time of equipment
failure caused by the output of ASD’s locking inverter will
not change, as shown in Fig. 5. The time from when the sag
occurs to when the DC voltage exceeds the threshold is the
PIT of ASD. Due to the 1t of the rectifier approximates 0,
the CD of ASD equals PIT.

3) MOTOR
Considering the direct-drive motor, when the motor suffers
sag, its terminal voltage u drops, and it can be seen from (3)
that the electromagnetic torque Te will decrease.When Te less
thanmechanical torque Tm, motor speed nwill drop due to the
influence of damping torque1TD, at the same time, themotor
slip will rise as shown in (6).

Te =
K
2π f

u2
R′r
/
s

(R′r
/
s)2 + x2k

(3)

1TD = Te − Tm (4)

n =
1
2π

(
1TD
J

td +�n) (5)

s =
n1 − n
n1

(6)

where K is the motor structure constant, f is the grid fre-
quency, R′r is the rotor equivalent resistance, xk is asyn-
chronous machine short-circuit reactance, s is the slip rate,
td is the duration of temporary dip, J is moment of inertia,
�n is the rated mechanical angular velocity, and n1 is the
synchronous speed of the motor.

In the test and analysis, the threshold value of the motor
speed n or slip s is often considered as the critical condition
to measure the running state of the equipment. Since the

FIGURE 5. Schematic diagram of voltage sag response mechanism of ASD.

FIGURE 6. Schematic diagram of combined curve comparison diagram of
ACC and ASD.

terminal voltage of the direct-fed motor can change abruptly,
when the duration is close to the motor PIT, the voltage
recovery will cause Te to return to normal, 1TD = 0, by (5)
the n will immediately stop further reduced, preventing from
triggering the motor protection. Thus CD=PIT.

C. IMMUNITY TIME ANALYSIS OF POWER LINE
Considering the typical load conditions, for ACC and ASD,
as the DC voltage decay rate of ASD has nothing to do
with the input state, when the sag event falls into the VTC
envelope of both, the immunity time is consistent with the
immunity time of ASD regardless of ACC failure, as shown
in Fig. 6. However, the VTC envelope of the two is of great
significance, which can be used to judge whether a voltage
sag event will lead to the failure of the sensitive equipment in
the link and then lead to p.

For the motor used in conjunction with ASD, its output
voltage can basically maintain the normal operation of the
motor before the ASD is tripped by the voltage sag. When
ASD fails, the amplitude ofmotor terminal voltage is constant
to zero, causing the power interruption. Fig.7 provides a
diagram showing how a motor is used in conjunction with
ASD.

The rated voltage during normal operation of the motor
is taken as the reference value for standardization, and the
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FIGURE 7. The connection diagram of motor and ASD.

relationship between Te and Tm as shown in (7) [19].

Te = V 2Tm (7)

where V is the temporary voltage drop value after standard-
ization.

Since the slip does not change rapidly in millisecond time
relative to the load in the industrial process. Then, the speed
change1n and the final speed can be obtained by considering
the initial value as the rated slip.

1n =
Tm
2πJ

∫ tI

tst
(V 2(t)− 1)dt (8)

nI = nn +1n (9)

where J represents the moment of inertia, tst is the time when
temporary drop occurs, tI and nI are respectively the time
when ASD fails and the rotational speed at the corresponding
time, and nn is the rated rotational speed (r/s).

Furthermore, considering that the amplitude characteristic
is constant during the voltage sag, the immune time of the
motor can be determined by the following equation.

PITM =
2πJ (nn − nI )
Tm(V 2 − 1)

(10)

Therefore, the failure of the link can be further judged
according to the relationship between the duration of voltage
sag and immunity time.

D. THE LINK FAILURE PROBABILITY
The link failure probability can be quantified by equipment
failure probability and recovery failure probability. In order
to consider the slight difference between the shape factor of
VTC and the tolerance of equipment, the general rectangular
VTC with fuzzy interval band is usually applied to evaluate
the failure probability PF of equipment [20]. The mathemat-
ical model of PF is shown in (11).

PF =
∫ I−I0

I1−I0

0
f (x)dx (11)

where Io and II are the side boundary of the near normal
region and the side boundary of the near fault region of the
fuzzy interval zone of the equipment VTC curve, respectively,
f (x) is the density function of the failure probability of char-
acteristic quantity x in the fuzzy region of the equipment,

FIGURE 8. The boundary region of the probability of failure.

which can be estimated by data collected through testing and
combined with the maximum entropy method [12].

The formula (11) describes the following general structure
of VTC. The boundary region of the probability of failure is
shown in Fig.8.

When the voltage sag event feature is located in the
immune zone, the equipment failure probability PF = 0,
and when it is located in the fault zone, PF = 1. I, II, and
III in the figure are all uncertain regions, and the failure
probability of the equipment in this area depends on the
failure probability distribution function of each feature of
the equipment. Therefore, a voltage sag event near the outer
boundary of the immune zone will cause the probability of
equipment failure to be 0, and a voltage sag event near the
inner boundary of the fault area will cause the probability
of equipment failure to be 1, and the probability of failure
is from When the immune zone transitions to the fault zone,
it is continuous from 0 to 1.

For the equipment in the same link, all of them are con-
sidered as series logical relations due to the high functional
compatibility. The failure probability calculation method can
adopt the model shown in the following (15). The recovery
failure probability is determined by the relationship between
immune time and duration of temporary drop. When the
immune time is less than the duration of temporary drop,
the link will inevitably fail, while when the immune time is
not less than the duration of temporary drop, a certain success
possibility of recovery exists. This thesis describes this fea-
ture from the reverse— recovery failure possibility. Recovery
failure rate PR is related to equipment recovery response
time and emergency operation time. Generally, the shorter the
temporary sag duration is, the more sufficient the recovery
time is and the smaller the recovery failure possibility is.

In order to maintain generality, the normal distribution
density function is used to describe the recovery failure pos-
sibility under different durations. The mathematical model is
as follows

f (t) = N (
2tst + PIT

2
, (
PIT
6

)2) (12)
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FIGURE 9. Schematic diagram of typical complex stochastic networks.

PR =
∫ tst+td

tst
f (t)dt (13)

where tst is the occurrence time of temporary drop, td is the
duration of temporary drop, and N is the normal distribution
density function. Since the failure of the link needs to meet
both equipment failure and process parameter out-of-limit at
the same time, the failure probability of the link PL can be
obtained as:

PL = PF · PR (14)

E. EVALUATION AND ANALYSIS OF LOGISTICS LINE
IMMUNITY
The traditional pipeline process can be characterized by sim-
ple stochastic networks with only series and parallel relations.
If the failure probability PL of each link is known, the process
failure probability Pp can be described in (15).

Pp = 1−
k∏

j=1

(1−
nj∏
i=1

PLji) (15)

where k is the number of parallel link groups, nj is the number
of links in the jth parallel link group, and PLji is the state of
the ith link in the jth parallel link group.
In a large number of pipelined industrial processes, there

are multiple parallel production lines. After a link failure in a
production line, short-time improvement of work efficiency
of the same link in another production line can be applied,
transferring the product from the problem production line to
the corresponding link of another production line for pro-
cessing through the transmission device or standby conveying
mechanism so as to provide enough time for the recovery
of failure link and ensure that the whole production process
will not stop. Such a structure needs to be characterized by
a complex stochastic network, a typical structure of which is
shown in Fig. 9.

Cut set (CS) refers to the combination of links that will
cause the process to be interrupted if the combination fails,
such as link combination {1, 3, 5}. Minimal cut set (MCS)
refers to removing any element from CS, and the cut set is no
longer CS.

When all links in the MCS fail, the process will be inter-
rupted. When any link does not fail, the process will not be
interrupted. Therefore, MCSmethod can be used to standard-
ize the network shown in Fig. 9 and use (15) to calculate its
failure probability.

FIGURE 10. Schematic diagram of standardization of complex stochastic
networks.

FIGURE 11. Schematic diagram of paper process.

FIGURE 12. Schematic diagram of paper technology logistics line.

IV. CASE
A. PAPER PRODUCTION PROCESS
In this thesis, a paper production process is taken as an exam-
ple to verify the proposed method. The production process of
paper is roughly shown in Fig. 11.

The above processes are roughly divided into the pulp
preparation, pulp feeding, drying molding and roll storage.
The main power equipment for the pulp preparation is the
direct drive motor of the preparation machine and the pulp
delivery pump. This production line has two process lines for
pulp preparation, and there are two spare pulp pumps in the
storage tank between the two processes. When the pressure
difference exists on both sides, the pulp pumps in the cor-
responding direction will be started to pump pulp according
to the established flow. This group of pulp pumps can be
regarded as a spare link. The main components of the pulp
delivery process are pressure flow box and high feeding box,
and the key power equipment involved are the sizing pump
and the pulp punching pump. The drying molding process
includes vacuum mesh cage and dryer parts, and the power
equipment involved are the direct drive motor that drives
the volt roller and the cylinder body of the dryer to rotate,
and the water pump that provides raw material for the steam
generator of the dryer. The main power equipment in the roll
storage process is the motor that drives the rotation of the reel
cylinder. Therefore, the process can be abstractly divided into
several links of feeding, sizing, punching, molding, drying
and rolling according to the distribution of power equipment,
as shown in Fig. 12.
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FIGURE 13. Schematic diagram of equivalent logistics line.

FIGURE 14. Typical power line structures.

TABLE 1. Key parameters of process equipment.

Fig. 12 shows the complex stochastic networks, and the
standardized networks can be obtained afterMCS processing,
as shown in Fig. 13.

Although there are differences in the types of equipment in
the power lines of each link, their structures generally fall into
the following two categories A and B, as shown in Fig. 14.
The sizing pump and the punching pump in this process
possess the equivalent power line structures and belong to
class A, in which SEQ is ACC and ASD, and PEQ is motor.
The power line structures of the paper dryers, winders and
couch roller belong to class B, in which SEQ is ACC and
PEQ is motor.

The key parameters of process equipment are shown
in Table 1. Among them, some key parameters are incon-
venient to obtain, substituted by the typical data of the
same type of equipment, which will not have a substan-
tial impact on the evaluation method proposed in this
thesis.

The boundary value of fuzzy interval of voltage tol-
erance curve of each equipment used in this example is
shown in Table 2. The values in Table 2 are based on the
author’s investigation of manufacturers with sensitive equip-
ment and the characteristics of the tolerance curve obtained
from a large number of tests on sensitive equipment, includ-
ing the amplitude range and duration range of sensitive
equipment.

For three-phase equipment ASD, the following table shows
the characteristics of VTC curves under the phasor test con-
ditions of Type I, Type II A and Type III.

TABLE 2. Characteristics of VTC of sensitive equipment.

TABLE 3. Statistical event information.

TABLE 4. Immune time and process failure probability.

B. EVALUATION AND ANALYSIS OF IMMUNITY
The statistical data of typical disturbance events of users in
one year are shown in Table 3.

The algorithm described in Section III is used to evaluate
the process failure probability under various event situations.
Taking event 3 as an example, the corresponding results are
shown in Table 4.

By making statistics from the aspect of direct loss and
indirect loss [12], the maximum loss brought by a long
interruption (the most serious case) to the whole production
line is recorded as Cpm. In this example, the average typical
interruption loss value of the mill is 200,000 yuan. According
to the survey, the typical loss composition is shown in the
Table 5.

Therefore, by combining the loss under the most severe
condition with the process failure probability, the eco-
nomic loss suffered by the enterprise from temporary
drop/interruption can be estimated, as described in (16).

ELpy = Cpm

n∑
i=1

PPi (16)
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TABLE 5. The information of direct and indirect loss.

FIGURE 15. Loss distribution of user’s three-year sag or short-term
interruption.

where ELpy is the annual economic loss, n is the number of
voltage sag events, andPPi is the probability of process failure
caused by the ith voltage sag event.
The total loss caused by voltage sag events in different sag

feature areas to users are visually shown in Fig. 15.
The deeper the sag is, the longer the duration is, the more

serious the loss will be. In addition, some events in high
frequency feature areas will also bring great losses to users.
The evaluation results of the economic loss of users caused
by the sag problems in recent one year are shown in Table 6.

It can be seen from Table 6, the difference between the
evaluation result of the method proposed in this thesis and
the typical loss of the mill is lower than the average loss
of 200,000 yuan caused by a short interruption event, indi-
cating that the method proposed in this thesis has a certain
effectiveness. Further analysis of the calculation results of
the model data built in MATLAB shows that events 1, 3 and
6 have little impact on users, and the corresponding loss
assessment results are 0, 0.489 and 0.420 thousand yuan
respectively. And the probabilities of failure of sensitive
equipment in each link caused by the three events are all
less than 0.01. Among them, although the duration of event
6 exceeds the average immune time of each link by 115.35ms
and the recovery failure possibility of the link is very high if
the equipment fails, the overall failure risk is at a very low
level because of the low level of the failure probability of
each sensitive equipment to this event, further reflecting the
rationality of the model.

TABLE 6. Economic loss of users.

FIGURE 16. Electrical part.

FIGURE 17. Main coil and short-circuit loop circuit.

V. CONCLUSION
In this thesis, a method based on traditional VTC, combined
with the responsemechanism of equipment and process struc-
ture, is proposed to evaluate the process immunity. From
the electrical disturbance to the change of the process state,
it is inevitable to experience the conversion of energy forms
such as electric energy to kinetic energy, etc. In this thesis,
combining with the characteristics of the process structure
of the assembly line, this content is described by the power
line and the logistics line. In order to evaluate the process
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immune time, V-ITC is introduced based on the analysis of
the typical VTC of power line and its response mechanism,
and the relationship between the two is described. At the same
time, the PIT estimation method of each link in the process
is summed up through the study of the response mechanism
of power line equipment combination, combined with their
respective V-ITC. The estimation of the failure probability of
the link is also realized through observing the relationship
between PIT, PF , PR, and PL . The process failure proba-
bility PP is further estimated, combined with the logistics
topology structure. Besides, the minimum cut set method is
used to describe the process stochastic networks more gener-
ally, which makes the estimation of process immunity more
reasonable.

The proposed method improves the practicability of evalu-
ating the user’s voltage sag/interruption disturbance capabil-
ity, and helps to provide guidance for the user’s customized
power service in the later stage.

APPENDIX
A. INFLUENCE MECHANISM OF VOLTAGE SAG ON ACC
The mechanism of ACC affected by voltage sag is as
follows:

1) Electrical part
The electrical part of ACC is shown in Fig.16. The
functional relationship between the main coil induc-
tance voltage and the access point voltage of ACC is
as follows:

u = L1
di1
dt
+ i1r1 + LM

di2
dt

0 = L2
di2
dt
+ 2i2r2 + LM

di1
dt

(17)

where u is the access point voltage of ACC, i1 is
the main coil current, i2 is the short-circuit loop cur-
rent, L1 and L2 are the main coil and short-circuit
loop inductance, respectively, and LM is the mutual
inductance.

2) Magnetic part
The magnetic part of ACC is shown in Fig.17. Taking
the main coil as an example (the relationship in the
short-circuit loop is similar), the relationship between
the current and the magnetic flux of the iron core is as
follows:

φ1 =
N1i1

Re +
RII
2 +

RI
2

=
N1i1
R1

(18)

φ11 = φ1
RIa

RIa + RIb
=
N1i1
R11

(19)

φ21 = φ1
RIb

RIb + RIa
=
N1i1
R21

(20)

where 8 is the magnetic flux of each magnetic circuit
branch, R is the magnetic resistance of each magnetic
circuit branch, and N is the number of turns of each
coil.

3) Mechanical and dynamic part
The relationship between electromagnetic force and
magnetic flux is as follows:

Fmag =
(φ1 + φ12)2

2µ0Se
+

(φ2 + φ21)2

2µ0 · 2SIa
+

(φ11 − φ22)2

2µ0 · 2SIb
(21)

whereµ0 is the air permeability, and S is the area of the
magnetic surface of each iron core.
The spring force formula is as follows:

Fs = nkx (22)

where n is the number of springs, k is the spring
stiffness coefficient, and x is the displacement of the
moving iron core.
The moving iron core displacement formula is as
follows:

d2x
d2t
=

1
m
(Fs − mg− Fmag) (23)

dx
dt
= v01t +

1
2
a01t2 (24)

where m is the mass of the moving iron core, g is the
gravitational constant, gravity G is mg, and x is the
displacement.

B. THE IMPACT OF G, k, m, v
1) When G and Fmag are larger, the moving iron core

needs to overcome the greater reaction force to do work
to move up, and the ACC is not easy to trip at this time.

2) When k increases, Fs is larger, and the power for the
iron core to move up increases, and ACC is easier to
trip.

3) When the moving iron core speed v is large, the oper-
ating state of the iron core is more difficult to change.
Generally, when the speed exceeds a certain threshold,
the displacement x will inevitably be exceeded, result-
ing in effective separation of the moving and static
contacts and ACC tripping.

4) The impact of the sag on ACC is reflected in the impact
on Fmag, which is ultimately affected by the terminal
voltage u, and the two are in a positive correlation. The
sag makes u decrease and Fmag decreases, so that the
displacement x exceeds the limit.

REFERENCES
[1] J. Yhee Chan, J. V. Milanović, and A. Delahunty, ‘‘Risk-based assessment

of financial losses due to voltage sag,’’ IEEE Trans. Power Del., vol. 26,
no. 2, pp. 492–500, Apr. 2011.

[2] S. Jothibasu and M. K. Mishra, ‘‘An improved direct AC–AC converter
for voltage sag mitigation,’’ IEEE Trans. Ind. Electron., vol. 62, no. 1,
pp. 21–29, Jan. 2015.

[3] Y. Han, Y. Feng, P. Yang, L. Xu, Y. Xu, and F. Blaabjerg, ‘‘Cause,
classification of voltage sag, and voltage sag emulators and applica-
tions: A comprehensive overview,’’ IEEE Access, vol. 8, pp. 1922–1934,
2020.

[4] A. K. Goswami, C. P. Gupta, and G. K. Singh, ‘‘Voltage sag assessment
in a large chemical industry,’’ IEEE Trans. Ind. Appl., vol. 48, no. 5,
pp. 1739–1746, Sep. 2012.

66406 VOLUME 9, 2021



A. Huang et al.: Evaluation Scheme of Voltage Sag Immunity in Sensitive Industrial Process

[5] N. Ashraf, T. Izhar, G. Abbas, A. B. Awan, U. Farooq, and V. E. Balas,
‘‘A new single-phase AC voltage converter with voltage buck characteris-
tics for grid voltage compensation,’’ IEEEAccess, vol. 8, pp. 48886–48903,
2020.

[6] S. Z. Djokic, J. V. Milanovic, and D. S. Kirschen, ‘‘Sensitivity of AC
coil contactors to voltage sags, short interruptions, and undervoltage
transients,’’ IEEE Trans. Power Del., vol. 19, no. 3, pp. 1299–1307,
Jul. 2004.

[7] X. Xiao, H. He, and Y. Wang, ‘‘Analytical model of AC contactors for
studying response mechanism to multi-dimensional voltage sag character-
istics and its novel applications,’’ IET Gener., Transmiss. Distrib., vol. 13,
no. 17, pp. 3910–3920, Sep. 2019.

[8] A. Honrubia-Escribano, E. Gómez-Lázaro, A. Molina-Garcia, and
S. Martín-Martínez, ‘‘Load influence on the response of AC-contactors
under power quality disturbances,’’ Int. J. Electr. Power Energy Syst.,
vol. 63, pp. 846–854, Dec. 2014.

[9] S. Z. Djokic, K. Stockman, J. V. Milanovic, J. J. M. Desmet, and
R. Belmans, ‘‘Sensitivity of AC adjustable speed drives to voltage sags and
short interruptions,’’ IEEE Trans. Power Del., vol. 20, no. 1, pp. 494–505,
Jan. 2005.

[10] S. Z. Djokic, J. Desmet, G. Vanalme, J. V. Milanovic, and K. Stockman,
‘‘Sensitivity of personal computers to voltage sags and short interruptions,’’
IEEE Trans. Power Del., vol. 20, no. 1, pp. 375–383, Jan. 2005.

[11] H. He, X. Xiao, C. Li, and H. Zhang, ‘‘Fuzzy reasoning model for risk
assessment of voltage sag loss for sensitive users,’’ Proc. CSEE, vol. 40,
no. 20, pp. 6527–6536, Oct. 2020.

[12] C. Li, H. Li, and B. Liu, ‘‘Risk assessment based on process immunity
uncertainty for industrial customers’ financial losses due to voltage sags,’’
Electr. Power Autom. Equip., vol. 36, no. 12, pp. 136–142, Dec. 2016.

[13] Voltage Dip Immunity of Equipment and Installations, CIGRE, Paris,
France 2010.

[14] J. C. Cebrian, J. V. Milanović, and N. Kagan, ‘‘Probabilistic assessment
of financial losses in distribution network due to fault-induced process
interruptions considering process immunity time,’’ IEEE Trans. Power
Del., vol. 30, no. 3, pp. 1478–1486, Jun. 2015.

[15] J. C. Cebrian, N. Kagan, and J. V. Milanović, ‘‘Probabilistic estimation of
distribution network performance with respect to voltage sags and interrup-
tions considering network protection setting—Part I: The methodology,’’
IEEE Trans. Power Del., vol. 33, no. 1, pp. 42–51, Feb. 2018.

[16] J. C. Cebrian, N. Kagan, and J. V. Milanović, ‘‘Probabilistic estimation
of distribution network performance with respect to voltage sags and
interruptions considering network protection Setting—Part II: Economic
assessment,’’ IEEE Trans. Power Del., vol. 33, no. 1, pp. 52–61, Feb. 2018.

[17] L. E. Weldemariam, H. J. Gärtner, V. Cuk, J. F. G. Cobben, and
W. L. Kling, ‘‘Experimental investigation on the sensitivity of an industrial
process to voltage dips,’’ in Proc. IEEE Eindhoven PowerTech, Eindhoven,
The Netherlands, Jun. 2015, pp. 1–6.

[18] H.-Y. He, W.-H. Zhang, Y. Wang, and X.-Y. Xiao, ‘‘A sensitive industrial
process model for financial losses assessment due to voltage sag and short
interruptions,’’ IEEE Trans. Power Del., early access, Jun. 30, 2020, doi:
10.1109/TPWRD.2020.3006017.

[19] M. H. J. Bollen, Understanding Power Quality Problem: Voltage Sag and
Interruption. Piscataway, NJ, USA: IEEE, 2000.

[20] J. V. Milanovic and C. P. Gupta, ‘‘Probabilistic assessment of financial
losses due to interruptions and voltage sags—Part I: The methodology,’’
IEEE Trans. Power Del., vol. 21, no. 2, pp. 918–924, Apr. 2006.

ANJUNGUO HUANG is currently pursuing
the degree with Sichuan University, China. His
research interests include power quality assess-
ment and analysis.

XIANYONG XIAO (Senior Member, IEEE)
received the Ph.D. degree from Sichuan Univer-
sity, China, in 2010. He is currently a Profes-
sor with the College of Electrical Engineering,
Sichuan University. His research interests include
power quality and its control, distribution systems
reliability, and smart grid.

YING WANG (Senior Member, IEEE) received
the B.S., M.S., and Ph.D. degrees from Sichuan
University, China, in 2004, 2007, and 2014,
respectively. She is currently a Professor with
Sichuan University. Her research interest includes
the area of assessing the behavior of sensitive
equipment during voltage sags.

VOLUME 9, 2021 66407

http://dx.doi.org/10.1109/TPWRD.2020.3006017

