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ABSTRACT

In this paper, the thermal power plant is taken as
the research scenario, and the general research steps
of the influence of voltage sag on process parameters
are put forward based on PIT basic theory. According
to the analysis of loss voltage and loss power, the loss
energy is calculated. Finally, the change of process
parameters is figured out. So the relationship between
loss voltage, loss power, loss energy and process
parameters can be obtained. In addition, through the
analysis of the process of combustion system in
thermal power plant, the influence of energy storage
links and process time constants on the changing of
process parameters in time and extent during the
process of voltage sag is analyzed. At last, the
selection principle of compensation energy and
compensation time in the process of sag treatment is
pointed out, and the DC side parallel energy storage
compensation is proposed for frequency conversion
auxiliary units in thermal power plant as the voltage
sag mitigation measure.
Key words: voltage sag, PIT, process parameters, loss
voltage, loss power, loss energy

INTRODUCTION
The problem of insufficient LVRT (short for low voltage
ride-through) capability of auxiliary units in thermal
power plants is widespread, and the problem of power
unit shutdown caused by voltage sag is becoming
increasingly prominent throughout our country[1][2]. In
order to ensure the continuity of power generation
process in thermal power plants during voltage sag, it is
necessary to study the sensitive process of thermal power
plants. This paper takes the combustion system of
thermal power plants as an example to analyze it from the
perspective of process immunity time.
Boiler combustion system includes fuel supply system,
ventilation system, dust removal and ash removal system.
The fuel supply system grinds the coal required for
combustion into pulverized coal through a pulverizer, and
then sucks the air needed for combustion by a blower in
the ventilation system, which is heated to a
predetermined temperature by an air preheater, and then
blows it into the furnace at the same time with the

pulverized coal, so they enter the combustion process.
The exhaust gas generated by combustion is discharged
by the blower in the dust removal and ash removal
system. And the slag is discharged from the ash pump to
the ash field. Among this process, coal feeder, air
preheater and induced draft fan are voltage sensitive
devices, which are obviously affected by voltage sag[3].

LOSS VOLTAGE DURING VOLTAGE SAG

The Concept of Loss Voltage
Loss voltage is another voltage sag characteristic
proposed in recent years. It is a method to describe the
instantaneous voltage changes experienced by equipment.
The loss voltage can be regarded as a complex voltage
(voltage vector), which is the difference between the
voltage before fault and the voltage during sag on the
complex plane. Loss voltage can be measured in
sinusoidal loss voltage, complex loss voltage and loss
voltage in time domain. In the calculation of loss voltage,
the ideal voltage before sag can take one value among
full-wave voltage before sag including harmonic
disturbance, fundamental Frequency Component of
voltage before sag and Sinusoidal wave with the same
amplitude and effective value as the nominal voltage and
in phase with the fundamental frequency component of
the voltage before sag as the reference [4]. Considering
that active power is the main factor affecting the process
quantity, this paper mainly studies sinusoidal loss voltage.

Calculation of Sinusoidal Loss Voltage
Loss voltage is defined as the difference between the
desired ideal instantaneous voltage and the actual
instantaneous voltage. The expected instantaneous
voltage can be obtained by inferring the line voltage
before the fault occurs, which is very similar to the PLL
method. Therefore, the expected instantaneous voltage
waveform (t)PLLv can be called PLL waveform, and the
disturbed waveform can be called (t)sagv and the loss
voltage ( )m t at any time as follows:

( ) (t) (t)PLL sagm t v v= − (1)
According to the calculation principle of trigonometric
function, the sum or difference of two sinusoidal
functions may lead to sinusoidal functions with different
phases, so if the sag waveform is sinusoidal, the loss
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voltage is also sinusoidal. Order
( ) sin( )PLL av t A wt φ= − (2)

( ) sin( )sag bv t B wt φ= − (3)

A, B represent the amplitudes and aφ , bφ represent
phase angles of and PLL voltage and sag voltage
respectively in the equation. If the frequency of ( )PLLv t
and ( )sagv t is the same, it can be expressed as

( ) sin( )m t R wt ϕ= − (4)
Where 2 2 2 cos( )a bR A B AB φ φ= + − − ,

sin( ) sin( )arctan
cos( ) cos( )

a b

a b

A B
A B

φ φϕ
φ φ

−
=

−
[5] .

Loss Voltage Distribution
With the absolute value of the loss voltage which is
greater than a given value v and the corresponding total
time t(in cycle wave), the loss voltage curve can be
drawn. The coordinates (t, v) correspond to a point on the
loss voltage distribution curve, which indicates the
cumulative duration of the sag with a given deviation.
Loss voltage distribution curve can be used as a general
method to define sag duration. The cumulative duration
of sag for a given deviation can be defined as the total
time for a given deviation for voltage offset from an ideal
voltage waveform [4].

LOSS VOLTAGE DURING VOLTAGE SAG
For impedance loads, voltage sags of the power supply
can lead to power changes. According to the standard of
IEEE P1564, the power changes caused by voltage
changes are shown in Equation (5) [6].

( ) ( )2 22 22
nom nom

0 0
nom nom

( ) 1 1
U t U tU UU tP P P P

R R R U U

⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥ ⎢ ⎥Δ = − = − = − = −⎜ ⎟ ⎜ ⎟
⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦

(5)

the calculation of loss power is obviously different due to
the difference of load characteristics in thermal power
plants. This paper deduces the loss power based on three
common load types.

Constant Torque Load
In the process of coal block transmission, the motor can
be regarded as a constant torque load. For a constant
torque load, when the speed changes, the load torque
remains unchanged. Referring to Equation (5), the power
change during the speed change can be obtained, as
shown in Equation (6).

)1(
60
2

60
2

0
0

0
00 n

nPnT
n

TTTPPP −=⋅−⋅=Ω−Ω=−=Δ
ππ (6)

At the same time, loss voltage can be obtained as
Equation (7).

0
0

(1 )nP
nPU

I Iη η

⋅ −
Δ

Δ = =
⋅Δ ⋅Δ

(7)

This is the relationship between the loss voltage and the

speed, and it is also related to the current. η expresses
the efficiency of the motor and IΔ expresses the change
of the current during the sag.

Constant Power Load
The change of constant power load torque is inversely
proportional to the change of speed. When the voltage
drops, the speed decreases and the torque increases. In
order to maintain constant power output (P = UI), the
current of the motor must increase. When the current
increases to a certain value, it will trigger the current
protection and cause the shutdown. The calculation of the
loss power is shown in equation (8).
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Similarly, loss voltage

0
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Δ

Δ = =
⋅Δ ⋅Δ

(9)

That is, the relationship between loss voltage and speed,
it is also related to torque and current.

Fan and Pump Load
Induced draft fan is a typical fan load. For the production
machinery such as fan, water pump and oil pump, its load
is the resistance torque produced by the resistance of the
medium to the machine blade, which is basically
proportional to the square of the rotational speed.

2
ZT k n= ⋅ (10)

The loss power is shown in equation (11)
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The power change is cubic with the speed change.
Loss voltage:
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Δ
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(12)

That is, the relationship between loss voltage and speed,
it is also related to current.

LOSS ENERGY DURING VOLTAGE SAG

Introduction of Energy Loss
The energy index of voltage sag events recommended by
IEEE in P1564 standard is shown in equation (13) [6].
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tUE
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−= (13)

In the equation, ( )U t is the root mean square value of
time-varying voltage in the process of sag,

nomU is the
nominal voltage, and T is the duration of sag (power
side). In process production, T is taken as the time when
power deviates from normal power (load side).
It is also of physical significance to take the exponent of
the sag amplitude as the square in the energy index.
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Assuming that the active power of an impedance load
under nominal voltage is P, when the voltage sag occurs,
its voltage value drops from nominal voltage nomU to U,
so the power reduction value transmitted by the
impedance load is shown in equation 14 [7].

( )
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⎥
⎦
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⎛
−=Δ
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(14)

The loss power here is the loss power at the input side of
the motor. For the resistive load, it is also equivalent to
the loss power at the output side of the motor.
Integrating the power over the duration of a period to
obtain the energy that the system does not transmit, as
shown in equation (15) [7].
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In process of production, T is taken as the time when the
power deviates from the normal power to calculate the
defective energy. It is necessary to consider the motor
shaft power, fan and pump output power. The motor
shutdown time corresponds to the inflection point of the
output power curve of the motor, while the motor does
not shut down, but the fan or water pump shuts down
corresponds to the inflection point of the output power of
the fan or water pump.

Energy Loss Calculation for Different Load
Types
For power-sensitive loads, before the voltage on the
power side falls to the low-voltage protection value limitU
of the converter, the motor outputs the corresponding
power. When the voltage falls to the low-voltage
protection value

DCU of the converter, the power suddenly
changes to zero. Until the voltage restores to the normal
rated voltage, after a small delay tΔ , the power rises
slowly from zero to 0P . For constant power load, and of
which power and voltage are linear and power and
voltage are square, the power and voltage curves are
shown in the following figures.

Fig 2.1 Constant Power Load

Fig 2.2 Power is linearly related to voltage

Fig 2.3 Power and voltage are squared
When the power is lower than the normal rated power,
the loss energy of motor output caused by voltage sag can
be calculated by power curve integral.

∫ Δ+
−=Δ 3

1

)]([ 0

t

tt
dttPPE

(16)
Voltage sag causes voltage amplitude decrease for a
period of time, which results in a part of energy not being
transmitted to the equipment, thus reflecting the impact
of voltage sag on the equipment. Compared with equation
(15) and equation (13), it can be seen that the energy
index of voltage sag is proportional to the energy that
impedance load does not transmit, and the ratio is the
rated active power of the load, while the rated active
power of the load is generally the fixed value. Therefore,
the energy index reflects the severity of voltage sag from
the point of view of energy that is not transmitted to the
equipment has reasonable physical significance, and the
calculation is more reasonable, simple and practical.
Compared with equations (6), (8), (11) and (16), the loss
energy of different load types in the process of sag is
calculated as follows.
Constant Torque Load

00 0
0

(1 )
T T nE Pdt P dt

n
Δ = Δ = −∫ ∫ (17)

Constant power load

00 0
0 0

(1 )
T T nTE Pdt P dt

n T
Δ = Δ = −∫ ∫ (18)

Fan and pump loads
3

0 30 0
0

(1 )
T T nE Pdt P dt

n
Δ = Δ = −∫ ∫ (19)

Transition from Energy Loss to Process Volume
Taking the powder feeding process as an example, in a
certain speed range, the powder feeding amount is
proportional to the motor speed n.

'Q k n= ⋅ (20)
The unit of powder feeding is ton/hour.
therefore
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00 0
0

(1 )
T T nW Qdt Q dt

n
Δ = Δ = −∫ ∫ (21)

That is, the relationship between the loss of pulverized
coal and the rotational speed.
In conclusion, it can be seen that there is a quantitative
relationship between the loss of energy, as well as the
loss of pulverized coal, and the speed of the motor.
Therefore, taking the speed as the intermediate, the
transition relationship between the loss of energy and the
loss of process parameter can be obtained.

CONVERSION OF ELECTRIC ENERGY TO
OTHER ENERGY

Change of Steady State Energy
For the sake of generality, the change of energy in the
working process of the pump load is analyzed as an
example. For pump loads, the energy output from the
power supply will eventually be transformed into the
energy output from the frequency converter, the energy
output from the motor and the pump, and the energy of
the flowing water. In addition, the energy loss of each
conversion link should be considered. The transformation
process is shown in Figure 4.1.

Fig 4.1 Steady-state energy change of a working pump
The quantitative analysis of the energy conversion
process is shown in equation (22).

4321
2

2
2

1
223

321
2

2
2

1
222

21
2

1
22

1
2

22

11

2
1

2
1

2
1

2
1)t(

2
1

2
1

2
1

2
1

2
1

2
1

2
1

2
1

2
1

55.9

2
1

losslosslossloss

losslossloss

lossloss
Z

loss

EEEEJJLICUvS

EEEJJLICUmv

EEJLICUt
nT

ECUtIU

tIUE

++++++++=

+++++++=

+++++=

++=

=

ωωρ

ωω

ω

(22)
C is the bus capacitor of the converter, U is the bus
voltage, TZ is the motor torque of the corresponding
speed n, L is the motor inductance, I is the motor stator
current, I is the motor angular speed, m is the mass of
water, V is the water speed, 1J and 2J respectively
represents the moment of inertia of the motor and pump.
The calculation of the moment of inertia of the uniform
axis shown in Fig. 3.2 is shown in equation (23) ~ (25).

Fig 3.2 Rotational inertia of shaft of uniform induced draft fan
with mass m1
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Energy Storage Link in Process of Thermal
Power Plant
Referring to Section 5.1, the energy situation of each link
in the electric drive system composed of frequency
converter, motor and load in thermal power plant can be
analyzed as shown in Equation (26)~ (29).
DC-side capacitive energy storage of frequency converter

2
1

1=
2 Ce CUΔ (26)

Motor Inductance Energy Storage, 2
2

1=
2 Le LIΔ (27)

Energy of motor rotation
2 2 2 2

3 1 1 1
1 1 (2 ) 2
2 2

e J w J n J nπ πΔ = = = (28)

Energy of Load Rotation
2 2 2 2

4 2 2 2
1 1= (2 ) 2
2 2

e J w J n J nπ πΔ = = (29)

A Case of Transient Energy Change
Equation （30） expresses the meaning that the change
of electric energy EΔ 电

caused by voltage sag subtracts
the storage energy resisting voltage sag

1 2 3 4...e e e eΔ Δ Δ Δ、 、 、 , and the change of final process
energy WΔ is obtained.

1 2 3 4 ......=E e e e e WΔ −Δ −Δ −Δ −Δ − Δ电
(30)

Further, the following criteria can be drawn:

(1) 1 2 ...... nE U I t e e eΔ = Δ Δ Δ ≤ Δ +Δ + +Δ

This means that the reduced energy at the input end of the
power supply caused by voltage sag can be offset by the
total energy stored by the whole process equipment. At
this time, voltage sag will not affect the process volume.

(2) 1 2 ...... nE U I t e e eΔ = Δ Δ Δ > Δ +Δ + +Δ

It means that the reduced energy of the power input
caused by voltage sag can not be totally offset by the total
energy stored by the whole process equipment, and then
the voltage sag will affect the process quantity and need
to compensate for the energy.
The relationship between process volume change and
energy transfer after voltage sag is shown in Fig. 4.2.

Fig 4.2 Process parameter change curve during voltage sag
If each link with energy storage can withstand voltage
sag under its own energy storage, no equipment
shutdown will occur, so the process can avoid the
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influence of this voltage sag.

Delay Time
The energy storage link in the process of thermal power
plant is to prolong the time when voltage, power and
process parameters begin to change or to reduce the slope
of change during voltage sag. Therefore, the delay time
can be divided into the delay time

1TΔ that keeps the
quantity of electric process or process unchanged, and the
delay time 2TΔ that reduces the slope of the change of
the quantity of electric process or process parameter to
make it change slowly.

Fig 4.3 Two types of delay time
Capacitor energy storage can maintain the output power
of the converter at first, and then slow down the speed of
the output power decline of the converter. The inductive
energy storage of the motor is very little, and the moment
of inertia can not keep the speed unchanged, so the
energy storage of the motor can only slow down the
speed of motor speed and power decline.

PIT-BASED MITIGATION MEASURES
The research method based on PIT considers the change
of process parameters, of which the essential reason is the
decrease of input energy. So the corresponding control
measures are found out considering energy. In theory,
appropriate energy compensation in any of the above
links can achieve the purpose of keeping the process
volume beyond the limit value, such as increasing the
capacity of DC bus capacitors of converters, equipping
capacitors with energy storage devices, or increasing the
initial value of the process volume, such as the use of
medium storage powder silos. But in practice, we find
that the compensation of battery pack configuration from
DC bus side is the best in economy. According to the
principle of ensuring that the process does not break the
lower limit and compensating from DC side, we have
carried out LVRT measures for more than 100 thermal
power plants in China. The actual application results
show that the compensation from DC side is economical,
reliable and can effectively avoid sensitive loads
shutdown event of the auxiliary during the voltage sags.
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Fig 5.1 Converter DC-side parallel energy storage device

SUMMARY
Based on the relevant literature and PIT basic research
theory[8], the influence of voltage sag on the combustion
process of thermal power plant is analyzed, and the
evolution relationship between voltage and power, energy
and process parameters during the sag process is deduced
in this paper. The effects of energy storage links and
process time constants on the actual changing range and
time of process parameters during voltage sag are
analyzed. Finally, considering the energy storage link in
the sensitive process of thermal power plant[9], based on
the analysis of its energy conversion relationship, the
control measures of parallel energy compensation device
on DC side of frequency converter based on process
variation are put forward. Practice results show that the
mitigation scheme based on PIT theory is effective and
reliable, and can realize LVRT for auxiliary machines in
thermal power plants[10]. The research method in this
paper is also applicable to the analysis of sensitive
process parameters in other industries.
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