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ABSTRACT 

To evaluate the process immunity time (PIT) for the 

industrial process, an approach to calculate PIT based on 

Gantt chart is proposed. The relationships between PIT 

and Gantt chart are investigated at first. Immunity time 

constant (ITC) of sensitive component in industrial 

process is defined to correspond to the duration of the 

subtask in Gantt chart. Gantt chart is used to describe the 

connections of the components. PIT is calculated with the 

critical path in Gantt chart. An experimental test platform 

is setup to verify the proposed method. An escalator is 

taken as the experimental object. Different type voltage 

sags are imposed into the escalator. The calculation PITs 

with Gantt chart are very close to the measurement PITs 

under different type voltage sags. Therefore, the proposed 

method can provide an effective tool to evaluate PITs for 

industrial process. 

INTRODUCTION 

Modern industrial processes apply more and more 
contactors, releases, computers, program logic controllers 
(PLCs) and adjusTable speed drivers (ASDs), which are 
sensitive to voltage sags or interruptions. As consequence, 
voltage sags or interruptions lead to malfunctions of 
operation and cause significant economic losses[1]. 
Because the industrial processes contain a group of devices 
working together and interacting inside, the process 
immunity is highly relevant with the immunity of 
components and their connection. Because the immunities 
of components and the connection between components 
vary considerably in different process[2], the evaluation of 
process immunity is a very complex problem  
To describe the voltage sag immunity of the industrial 
process, a joint working group, C4.110, established by 
CIRED, CIGRE and UIE, proposed a concept of process 
immunity time (PIT)[8]. PIT considered the voltage sag, 
process parameters and user acceptability 
comprehensively. PIT is a common way to evaluate the 
voltage sag immunity of process and a criterion for 
determining whether the processes are affected by voltage 
sags. Its availability has been verified in different 
industrial processes[9]. Meanwhile, PIT has been applied 
into the economic loss evaluation [10], premium power 
supply [13] and voltage sag mitigation [15]. 
But it is quite complicated to evaluate PIT based on 
experiment results or historical statistics [1]. The hierarchy 
of different components is often taken into consideration 
during the evaluation of PIT, but the connection among 
various components is ignored. When the type of the 

voltage sag or the connection between components 
changes, PIT has to be evaluated again. Thus, an effective 
method to calculate PIT is very important for the 
evaluation of the process immunity. 
Gantt chart has many advantages, such as graphical 
overview, accessible and software supporting. It has been 
applied in project management[15], software 
development[16] or education[17]. At the same time, Gantt 
chart has been also used in the fields of power 
dispatching[18] and grid construction[19]. It is a useful 
project management tool for showing the minimal time to 
finish tasks. The Gantt chart depicts start date, duration and 
end date of the task, which interrelate with the concept of 
PIT. 
This paper develops a method to calculate PIT with Gantt 
chart. The relationship between PIT and Gantt chart was 
investigated according to their definitions. To calculate 
PIT with Gantt chart, an immunity time constant (ITC) of 
device in process was defined to correspond to the duration 
of the subtask in Gantt chart. Then, the connection of 
components, under different type voltage sags were 
analysed and described by Gantt chart. Therefore, PIT can 
be calculated according to critical path and minimal 
cumulative time in Gantt chart. The proposed method had 
been illustrated on an experimental test platform. An 
escalator was taken as the test object and the motor speed 
was taken as the process parameter. The effectiveness of 
the proposed method had been verified by comparing the 
calculation and the measurement results under different 
type voltage sags. 

DEFINITION OF PROCESS IMMUNITY TIME  

PIT is the time interval between the start of the voltage 

interruption and the moment the process parameters (e.g. 

pressure, rotating speed, temperature, flow and so on) goes 

out of the allowed tolerance limit [8].  
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Figure 1 Definition of PIT 

 

Figure 1 clarifies the definition of PIT. The process starts 

with the nominal process parameter Pnom. A voltage 

interruption is assumed to occur at t1. As a result, the 
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process parameter starts to deviate from its nominal value 

after a time delay Δt. This delay might be associated with 

the tripping of the equipment after the actual supply 

voltage interruption, or with a “dead time” in the process 

response. At time t2, the process parameter value crosses 

the lower boundary Plimit, below which normal operation 

of the process cannot be maintained. Starting from t2 

onwards, the process no longer operates as intended and 

must be either shut down, or restarted, or otherwise 

corrected. PIT is defined as equation (1). 

2 1PIT t t= −                       (1) 

CALCULATION STEPS OF PIT WITH GANTT 

CHART  

The relationship between PIT and Gantt chart 

A project may contain many tasks which take different 

work hours. Gantt chart is a graphical chart in which a 

series of horizontal lines shows the amount of work done 

or production completed in certain periods of time in 

relation to the amount planned for those periods. One of 

the functions of Gantt chart is to optimize the time and 

staffs of each task to shorten the duration of the whole task. 

Each subtask is considered in Gantt chart, as well as their 

relationships, sequences and working hours in detail. The 

total task time is finally calculated with Gantt chart. 
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Figure 2 Correspondences between process immunity and Gantt 

Chart 

 

Like a project, the industrial process also contains many 

devices. The responses of the devices to voltage sag or 

interruption are different. The process immunity is not 

only decided by the device immunity but also the 

connection of the devices. The correspondences between 

industrial process immunity and Gantt chart are given in 

Figure 2. The devices in the industrial process correspond 

to the subtasks in Gantt chart. The immunity of device 

corresponds to the duration of each subtask in Gantt chart. 

The connections among devices correspond to the timing 

of the subtasks in Gantt chart. If the immunity of device 

can be represented as a time interval, PIT can be 

represented by the cumulative time of the whole project in 

Gantt chart. 

Immunity time constant of components 

To satisfy the application of Gantt chart, the immunity of 

device must be transformed to a time interval to 

correspond to the subtask duration. Like the definition of 

PIT, ITC was defined as the time interval between the start 

of the voltage interruption and the moment the component 

breaks down or the parameter crosses the boundary to 

correspond to the working hour of subtask in Gantt chart. 

In this paper, the minimal duration on voltage tolerance 

curve under the interruption was selected as ITC of a 

device, shown in Figure 3. 
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Figure 3 Definition of the ITC 

Connections of components 

According to the influence of voltage sags on different 

devices, connections of devices can be summarized into 

two types: series and parallel, as depicted in Figure 4. In 

the figure, ITC1 and ITC2 are the ITC of component 1 and 

component 2 respectively. The length of the black bar 

represents the ITC value. 
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(a) Serial connection                  (b) Parallel connection 

 

Figure 4 Connection of components 

 

The serial connection indicates that the components are 

exposed to a voltage sag successively. Component 2 will 

response to a voltage sag after component 1 malfunction 

due to a voltage sag. For example, interruption will impose 

to the motor, after the ASD trips, then ASD and motor are 

serial. The parallel connection indicates that parallel 

components are subjected to voltage sag at the same time. 

For example, the sensitive devices are connected on the 

same bus. PIT of serial connection is the cumulative ITCs 

of the serial components. PIT of the parallel connection is 

the minimal ITC of the parallel components. 
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Calculating procedure of PIT 

The calculating procedure of PIT with Gantt chart is given 

as follows: 

(1) Obtain ITCs of components by calculations, 

simulations or experimental tests; 

(2) Investigate the connections of components under 

different type voltage sags and describe the timing 

sequence of process with Gannt chart; 

(3) Calculate PIT based on Gantt chart with critical path 

and minimal cumulative time. The ITCs and 

connections of the components should be taken into 

consideration together. 

EXPERIMENTAL RESULTS 

An escalator driven by ASD was taken as an experimental 

object to verify the effectiveness of the proposed method. 

The connection of components in the escalator is 

simplified as Figure 5. The main circuit consists of a circuit 

breaker, ASD, a contactor and an induction motor. The 

control circuit consists of a release in the circuit breaker 

and the control coil in the contactor. The dash lines 

indicate the control signals from control circuit to main 

circuit. The test platform for the escalator was setup and 

the rated power of the escalator was 24 kW, as shown in 

Figure 6. 
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Figure 5 Circuit of the elevator 

 

 
Figure 6 Test platform 

 

When voltage sag occurs, the breaker, ASD and release 

and control coil are disturbed at the same time, which make 

the motor lose supply and the rotating speed reduce 

gradually with load. Therefore, the rotating speed of motor 

is selected as the process parameter to determine PIT. 

According to the specification of the national standard, the 

rotating speed of escalator during operation should not be 

lower than 92% of the nominal speed[20]. Therefore, 92% 

of the nominal speed can be used as the allowed tolerance 

limit of the process parameter. 

The ITCs of components in the escalator were measured 

and listed in Table 1. ASD is only affected by three phase 

voltage sag. Breaker with QF is affected by any phase 

voltage sag. Contactor with KM is only affected by voltage 

sag happen in phase C. Then, PITs of escalator with full 

load under different type voltage sags had been tested. 

 

Table 1 ITCs of components 

Components 
Breaker with 

QF 

Contactor 

with KM 
ASD Motor 

Type of 

voltage sag 
III, II, I 

III 
II, 

I(phase 

C) 

III III 

ITC/ms 15 25 20 136 

 

Three-phase voltage sags 

When a three-phase voltage sag occurs, the connection of 

the components in the escalator is shown in Figure 7(a). 

The red lines with arrow indicate the impact of voltage sag 

on the components. The breaker, contactor and ASD are 

responded to the voltage sag at the same time, which are 

the parallel connection. When the ASD and the contactor 

fails to work, the motor will lose power source. The 

breaker has influence on ASD, while not directly on the 

motor. Thus, Gantt chart of the escalator PIT is shown as 

fig.7(b). As a result, PIT of the escalator can be calculated 

as 156ms. 
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Figure 7 Calculation of PIT of the escalator under a three-phase 

voltage sag 
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Figure 8 shows the measurement waveform of PIT. The 

residual voltage was 0% and the duration was 20ms. PIT 

of the escalator was measured as 152.6ms. The calculation 

result is close to the measurement one. 
 

 
Figure 8 The measurement waveform of PIT of the escalator 

under a three-phase voltage sag 

 

Single-phase voltage sags 

There are two situations to consider when a single-phase 

voltage sag occurs. When a voltage sag occurs in phase C, 

both the release and the contactor are affected, while the 

ASD is not. The connection of components in the escalator 

is shown in Figure 9(a). When the AC contactor trips, the 

motor begins to experience the interruption. Then, it will 

decelerate until its speed reaches the threshold. PIT of the 

escalator is depicted in Gantt chart, as shown in Figure 9(b). 

PIT of the escalator can be calculated as 161ms. The 

measurement waveform is shown in Figure 10 and the 

measurement result is 162.4ms. 
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(b) PIT depicted in Gantt chart 

Figure 9 Calculation of PIT of the escalator under a phase C 

voltage sag 

 

When the single-phase voltage sag does not occur in phase 

C, only the release will be affected. The circuit breaker will 

trip when the release breaks down, which makes the ASD 

suffer interruption and the electric motor lose power. The 

connection of components is shown in Figure 11(a). PIT 

of the escalator is depicted in Gantt chart, as shown in 

Figure 11(b). The calculation PIT of the escalator is 171ms. 

The measurement waveform of PIT is shown in Figure12 

and the measurement result of PIT is 173.8ms. 
 

 
Figure 10 The measurement waveform of PIT of escalator under 

a phase C voltage sag 
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(b) PIT depicted in Gantt chart 

Figure 11 Calculation of PIT of the escalator under a non -phase 

C voltage sag 

 

 
Figure 12 The measurement waveform of PIT of escalator under 

a non-phase C voltage sag 

 

The calculation results and the measurement results are 

listed in Table 2. The error between the calculation values 

and the experimental values are small, which verifies the 

correctness and availability of the proposed method. 
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Table 2 Comparison of calculation results with measurement 

results 

Types of voltage 

sags 

PIT/ ms 

Calculation 

results 

Test 

results 
Error 

A three-phase 

voltage sag 
156 152.6 3.4 

A voltage sag at 

phase C 
161 162.4 1.4 

A voltage sag at 

non- phase C 
171 173.8 2.8 

CONCLUSION 

PIT combines voltage sags, process parameters and user 

acceptance to evaluate the voltage sag immunity of 

industrial process. However, PIT is closely related with the 

immunity of components and the connection between 

components. By defining the ITCs of components, the 

connection can be described by Gantt chart. PIT value can 

be calculated with critical path in Gantt chart. The 

availability of the proposed method is verified by 

comparing the measurement values with the theoretical 

values. It can provide a theoretical analysis tool for PIT 

assessment of complex production processes. 

Nevertheless, this method still relies on the voltage sag 

immunity tests of components and industrial process 

analyses. It needs to be verified and improved in more 

industrial processes further. 
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