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Abstract

This paper analyzes the behavior of a three-phase induction motor (IM) during voltage
sags in the supply network and its subsequent re-acceleration following voltage recovery.
A dynamic mathematical model based on the two-axis (d,q) representation of the IM is
developed, taking into account variations in supply voltage, electromagnetic torque, and
stator currents over time. The model enables a detailed assessment of motor stability
and transient behavior when the supply voltage falls below nominal levels. The analysis
covers sag depths of 0.9–0.5 UN and interruption durations of 0.14 s and 1.14 s, quantifying
stator currents and electromagnetic torque both at the instant of the dip and within the
first cycles after recovery. Particular attention is given to identifying the conditions under
which the IM may fail to re-accelerate or transition into generator mode, depending on
the depth and duration of the voltage sag and the type of mechanical load. The study
includes simulations for a 0.75 kW IM under both constant and variable torque conditions,
as well as different types and durations of short-circuit faults in the supply system. Results
show that sag duration has little effect at sag onset but strongly influences recovery inrush
and torque oscillations; shorter interruptions yield lower recovery currents. The findings
provide practical insights for the design of more robust power supply infrastructures and
the refinement of motor control and protection strategies.

Keywords: voltage sags; induction motor; re-acceleration; transient stability; electromagnetic
torque; load torque characteristics; rotor dynamics; mathematical modeling

1. Introduction
An IM is an electrical machine that converts electrical energy into mechanical en-

ergy [1]. An IM consists of two main parts: the stator, which includes the frame, cooling
fan, and windings, and the rotor, which is mechanically coupled to the load and produces
torque to perform mechanical work. The most common type is the squirrel-cage rotor,
made of cast aluminum bars short-circuited by end rings, providing reliable operation in
standard industrial applications [2].

According to a recent global market analysis, electric motors—particularly three-phase
IMs—continue to dominate industrial applications due to their simplicity, robustness, and
energy efficiency. The global electric motor market, valued at USD 134.2 billion in 2023, is
projected to reach USD 259.1 billion by 2033, with a compound annual growth rate (CAGR)
of 6.8% [3]. Three-phase IMs are widely used in applications such as pumps, compressors,
conveyor systems, and fans [4–8]. Their simple construction and low maintenance require-
ments make them indispensable in key sectors, including manufacturing, transportation,
and energy [9–13].
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A deep understanding of the operating modes of three-phase IM is essential not
only for their optimal design and control but also for ensuring reliable performance and
timely diagnostics in industrial environments [14–16]. Engineers and technicians must
analyze both steady-state and transient processes to design systems resilient to electri-
cal disturbances, particularly voltage sags, which are frequently observed in real-world
power networks. This necessity is supported by a growing body of research focusing on
voltage sag detection, modeling, and mitigation techniques [17–20]. For example, Hao
and Jin [21] developed a waveform clustering method to classify voltage sags and better
understand disturbance patterns affecting motor performance. More recently, Varetsky and
Gajdzica [22] examined the behavior of IMs in grids containing synchronous generators,
highlighting their sensitivity to voltage dips and the resulting impact on power quality and
operational stability. Additionally, Petronijević et al. [23] proposed an enhanced override
control strategy for IMs using Direct Torque Control, aimed at maintaining performance
during voltage sag conditions.

The ability of electric motors to re-accelerate plays a crucial role in maintaining the
continuity of industrial processes [24,25]. Re-acceleration (self-start after voltage sag) refers
to the phenomenon in which, during a short-term voltage sag in the power supply network,
the motor control circuits remain energized, and following voltage restoration, the motor
accelerates back to its nominal speed—effectively performing a self-start without external
intervention [26].

Voltage sags, typically caused by faults, motor starts, or switching operations, can
significantly impact IM performance even when the motor is running in the steady state. A
precise analysis of motor dynamics under such disturbances is essential for designing effective
protection strategies and enhancing the overall reliability of electrical systems [27,28].

Among various power quality disturbances, voltage sags represent one of the most
frequent and potentially disruptive phenomena in industrial networks. According to
reports by IEEE and CIGRÉ, voltage sags account for up to 80% of all short-duration power
quality disturbances [29].

The primary causes of voltage sags include starting large electrical loads (such as com-
pressors and transformers), short circuits in distribution networks, emergency switching
operations, circuit breaker activity, as well as external factors such as lightning strikes and
thunderstorms [30–33].

The adverse effects of voltage sags on three-phase IMs have been extensively stud-
ied due to their critical impact on industrial operations. These disturbances can cause
inrush currents, a sharp drop in electromagnetic torque, unintentional motor stoppage,
overheating, insulation degradation, protection device tripping, and significant production
and downtime losses—particularly in the textile, food-processing, and manufacturing
sectors [34,35].

Multiple studies confirm these risks. Elgammal et al. [36] demonstrated that voltage
sags induce excessive current and torque oscillations in IMs, increasing the likelihood of
thermal damage and reduced system performance. ElShennawy et al. [37] reported that
sag-induced disturbances can interrupt refinery operations, underscoring the importance of
voltage quality in continuous-process industries. Motoki et al. [38] quantified the economic
consequences of sag-related shutdowns in industrial systems, showing that even short-
duration voltage sags can result in substantial financial losses. Hardi et al. [39] analyzed
various sag profiles and their respective impacts on motor performance, highlighting how
certain voltage patterns pose a higher risk for operational disruption.

In the context of reliability assessment, Živković et al. [40] introduced a stress-testing
methodology based on mission profiles for electric motor drives, emphasizing the need to
incorporate voltage sag scenarios into long-term durability evaluations.
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In many industrial installations, three-phase IMs are directly connected to the power
supply network without intermediate disconnecting devices [41,42]. This configuration is
justified by their high reliability, resilience to short-term voltage sags, and the operational
requirement for uninterrupted equipment functionality. Disconnecting the motor during
brief voltage disturbances—such as those caused by the startup of large loads or temporary
faults—can lead to process interruptions, loss of synchronization, and significant delays.
Therefore, unless the voltage sag is severe, IMs are typically left connected and allowed
to operate through the disturbance, albeit with a temporary reduction in torque [43,44].
Another advantage of this approach is the motor’s ability to re-accelerate once the voltage
is restored [45–47].

From a system stability perspective, maintaining the connection of IMs to the power
supply during voltage sags and short-term interruptions—rather than disconnecting the
unit—is advantageous. This approach minimizes current surges during re-acceleration
and contributes to smoother system operation. However, it also introduces a quasi-start
condition, which can result in transient effects comparable to, or even more severe than,
those observed during conventional direct starting [48].

A clear understanding of IM behavior under voltage sag and recovery conditions is
essential for the design of reliable and energy-efficient power systems. Such disturbances
may lead to motor stalling, inrush currents, and delays in system restoration, while also
altering key operating parameters such as electromagnetic torque, winding temperature,
and re-acceleration dynamics [36,49–51].

Accurate modeling of both steady-state and transient processes under these conditions
enables the assessment of self-starting feasibility, optimization of protection and transfer
schemes, and development of more resilient power infrastructures—particularly in critical
industrial settings.

In this study, the re-acceleration behavior of a three-phase IM is examined through
dynamic mathematical modeling. The analysis includes a theoretical overview of the
reacceleration process, the formulation of a two-axis (d,q) motor model, and time-domain
simulations under voltage sag conditions. Special attention is given to the influence of
mechanical load type, sag depth, and sag duration on the motor’s ability to self-start. In the
simulations, the supply voltage is reduced during the sag and restored after fault clearing
in accordance with relay protection and circuit breaker operation; cases include constant-
and variable-torque loads, and shaft speed, stator current, and electromagnetic torque are
evaluated at sag onset and in the initial period after recovery.

Additionally, the study identifies and classifies typical fault scenarios in power supply
networks—especially those involving directly connected motors—that commonly lead
to voltage sags. These include short circuits at various points within the grid, such as
transmission lines, transformer terminals, and busbars. For each fault case, the expected
sag depth and duration are estimated based on the fault location and circuit breaker clearing
time. This fault-based sag profiling is essential for evaluating re-acceleration feasibility
under realistic industrial conditions.

2. Nature of Voltage Sags and Their Impact on IMs
One of the most common disturbances in the operation of IMs is a loss of power

supply, typically resulting from faults in the supply network. Such disturbances interrupt
or significantly limit the transfer of active power from the source to the motor, rendering it
insufficient to maintain the proper and continuous functioning of the motor–mechanical
load system [52].

The fault-induced nature of these power disturbances defines the specific way they
affect IMs connected to the network. Depending on the fault location and type, the electrical



Energies 2025, 18, 5682 4 of 25

connection between the power source and the motor may be either completely severed for
a short duration or preserved, albeit with a significantly reduced voltage level at the motor
terminals. Based on this, two main categories of disturbances are typically distinguished:
complete interruptions of power supply and deep voltage sags [53].

The power supply diagram in Figure 1 shows that short-circuit faults at locations
SC1, SC6, SC7, and SC10 do not break the electrical connection between the IM and the
substation (SS) busbars. However, the transfer of active power from the source is either
completely interrupted or severely limited. Voltage recovery begins immediately after the
fault is cleared—specifically, following the operation of the protection system [54], and can
be expressed as follows:

Figure 1. Schematic diagram of an industrial power supply system illustrating possible fault locations
(SC1–SC10) that may lead to voltage loss at motor terminals. The system includes high-voltage
lines (A1, A2), a substation (SS), a main step-down substation (MS), and a distribution point (DP).
Transformers (T1, T2), synchronous motors (SM1–SM3), IMs (M1–M3), circuit breakers (Q1–Q10),
and feeder lines (W1–W4) are shown. L denotes a reactor.
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tu = trp + tbo (1)

where
tu—moment of voltage recovery,
trp—relay protection response time,
tbo—circuit breaker opening time.
If a component of the upstream power system—such as busbars, a feeder line (W1 or

W2), or power transformer T1—is disconnected, voltage restoration at the motor terminals
occurs through the closing of a circuit breaker, which reconnects the motor to the unaffected
part of the supply network.

When this switching is performed automatically—for example, by means of an auto-
matic transfer switch (ATS) or automatic reclosing (AR)—the total power interruption time
can be expressed as follows:

tloss = trp + tbo + t∆P + ta + tbc (2)

where
t∆P—parameter deviation time, i.e., the interval during which electrical parameters

deviate from nominal values until reaching the protection threshold, thereby initiating the
automatic switching process,

ta—response time of the automatic transfer system (e.g., ATS or AR),
tbc—circuit breaker closing time.
The main step-down substation (MS) is supplied by two overhead transmission lines

rated at 110–220 kV, which are connected to a double-busbar system at the utility transmis-
sion substation (TS). Power transformers T1 and T2 in the MS operate independently, each
feeding a separate section of the 6–10 kV busbars. These busbar sections are linked by a
sectional circuit breaker Q5, which remains open under normal operating conditions.

Consumer loads are connected to the main substation (MS) busbars via cable feeders.
These feeders can be either reactor-compensated—equipped with a current-limiting reactor
connected directly to the busbar without a circuit breaker—or non-compensated. In certain
configurations, electric motors are connected directly to the 6–10 kV MS busbars; however,
more commonly, they are supplied via distribution switchboards (DS), which are located
either near the workshop or installed directly within it.

In addition to supplying IMs and SMs, the distribution switchboards also feed power
transformers (T), which deliver low-voltage electricity (0.4–0.66 kV) to end users.

The majority of short-circuit (SC) faults in 110–220 kV networks are single-phase
faults, accounting for approximately 75–85% of all cases. Analytical studies indicate that
during such voltage sags, two of the line-to-line voltages generally remain stable—with
fluctuations of about 10%—while the third line voltage can experience a significant drop of
50–70% [55,56]. If SMs are connected to the MS busbars, voltage levels tend to remain close
to nominal—or may even increase slightly—due to excitation system boosting [57].

In contrast, three-phase and two-phase short circuits occurring at the same locations
cause significantly deeper voltage sags at the terminals of all motors supplied by the
MS [58].

The clearing time for such faults—during which the positive-sequence voltage at the
transmission substation (TS) busbars drops below 0.6 UN—is typically less than 0.15–0.2 s.
These faults fall within the protection zones of high-speed relay protection stages operating
in 110–220 kV networks.

A short circuit at location SC1 generally has a negligible effect on motor operation.
In contrast, faults at SC2 and SC3 disrupt the power supply to all consumers fed by
transformer T1, effectively isolating them from the upstream power source.
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Voltage restoration at the TS busbars or along feeder line W1 is typically performed via
automatic reclosing (AR), which operates with a typical delay of no less than tAR ≥ 0.5 s.

Therefore, the minimum duration of power loss experienced by the IMs can be esti-
mated as follows:

tloss = trp + tbo + tAR + tbc ≈ 0.10 + 0.04 + 0.50 + 0.50 = 1.14 s (3)

Short circuits occurring inside the tank of power transformer T1 are rarely multiphase,
and three-phase faults are virtually excluded [59,60]. However, such faults are more
likely to occur at the transformer’s low-voltage terminals or in their immediate vicinity
(designated as fault location SC4′′). In these cases, the voltage in the 6–10 kV network
drops sharply.

These faults are typically cleared within the combined response time of the trans-
former’s primary protection system and the mechanical opening time of the associated
circuit breaker, amounting to approximately 0.15 s [61,62].

Busbar faults in the metal-clad switchgear, as well as short circuits on equipment
located within the switchgear (fault location SC5), have more severe consequences and are
therefore cleared by high-speed relay protection devices within 0.2–0.25 s. In this scenario,
the fault is cleared by circuit breaker Q4, and simultaneously, the circuit breakers of the
motors and feeder line W3 are tripped. ATS is typically not employed for faults at point SC5.
As a result, IM M1 and SM1, which are connected to this section of the 6–10 kV busbars
at the main substation (MS), experience a prolonged power outage until the damaged
switchgear is fully repaired.

For motors M3 and SM3, power supply restoration is achieved by the automatic
operation of circuit breaker Q9, following the prior disconnection of circuit breaker Q8. In
this scenario, the total power interruption duration can be expressed as follows:

tloss = tAR + tbc = 0.5 + 0.15 = 0.65 s (4)

where tAR—operating time of the automatic transfer system controlling sectional circuit
breaker Q9.

Short circuits at fault locations SC6 and SC10, while associated with a significant
voltage drop at the motor terminals, are typically cleared quickly—within approximately
0.14 s—since they generally fall within the protection zone of the overcurrent relays installed
on the power transformers.

For faults occurring outside this protection zone, the voltage level at the busbars
usually remains above 0.6 UN.

3. IM Behavior During Voltage Sags and Re-Acceleration
3.1. Re-Acceleration Scenarios and Practical Relevance

Re-acceleration refers to the automatic restarting of motors following unintentional
deceleration caused by voltage disturbances in the power system, such as voltage sags,
outages, or bus transfers. Depending on the connected load and the minimum available
fault current, re-acceleration can occur either instantaneously or in a staged manner, which
is designed to ensure that the bus voltage remains within acceptable limits during the
restart process [63].

This approach is particularly valuable for maintaining process continuity during
voltage sags. Re-acceleration is considered successful if, following voltage recovery, the
motor returns to its nominal speed and sustains long-term stable operation, delivering the
required torque and maintaining the load without triggering protection devices [64].
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The re-acceleration capability of electric motors plays a key role in the effective func-
tioning of power system automation. When a power outage or severe voltage sag is
promptly cleared by relay protection and automatic switching, and the motor successfully
re-accelerates, the event is typically not classified as a fault-induced shutdown, and no
equipment damage is observed [63]. However, if re-acceleration fails, the motor may stall,
resulting in process interruptions—particularly in continuous or safety-critical industrial
operations such as those in the chemical or petrochemical sectors [65,66].

Re-acceleration of IMs typically occurs under two main scenarios:

1. During severe voltage sags caused by nearby short circuits, where motors remain
connected to the supply network and experience temporary deceleration before re-
accelerating once the voltage is restored [35,67];

2. Following short-duration power interruptions, during which motors are completely
disconnected and then automatically reconnected via ATS or AR systems [68].

While re-acceleration is effective in many industrial settings, automatic motor
restarts may be inappropriate for specific applications—such as compressors handling
flammable substances or overhead cranes—where uncoordinated restarts may introduce
safety hazards.

The success of motor restart depends heavily on the duration of the power interruption.
Two outcomes are typically observed:

• If the interruption is brief, the motor retains some residual rotational speed at the time
of voltage recovery, facilitating a smoother re-acceleration.

• If the interruption is extended, the motor comes to a complete stop, requiring full
re-acceleration from standstill.

In standard industrial practice, re-acceleration is typically performed in a single
stage, where all motors are reconnected to the supply simultaneously [67]. However, in
systems with limited capacity to support concurrent restarts, a staggered (multi-stage)
re-acceleration strategy may be employed [35]. In such cases, non-critical motors are either
temporarily excluded or reconnected only after essential loads complete their acceleration
phase, thereby avoiding overloading the power supply system [24].

3.2. Differences Between Re-Acceleration and Controlled Motor Starting

Re-acceleration of electric motors has the following key differences from conventional
motor starting:

1. At the time of voltage recovery, most motors retain some residual angular speed. This
remaining rotation contributes to a higher initial electromagnetic torque during reaccel-
eration compared to starting from standstill—assuming an identical supply voltage.

2. Upon disconnection from the power supply, a motor or group of motors may generate
a residual electromotive force (EMF) EM at the substation busbars. When reconnected
to the power source, the vector of the transient (periodic) current component is equal
to [69]:

I ′′ =
Us − EM

Z∑
(5)

where
Us—supply voltage vector;
EM—residual EMF vector at the motor terminals;
Z∑—total equivalent impedance of the network and motor circuit.
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3. Re-acceleration typically occurs when the driven mechanisms are under load, which
may result in a longer acceleration time and increased motor winding temperatures
due to elevated currents compared to nominal values.

4. Simultaneous restart of multiple motors imposes a significant load on the power
network, resulting in voltage dips at motor terminals and a corresponding decrease in
developed torque, which may compromise re-acceleration stability.

3.3. Main Transient Processes During Re-Acceleration

Stage 1—IM Run-Down (Single or Grouped):
Single motor run-down refers to a scenario where an IM is disconnected from the

power supply and decelerates independently—either fully isolated from other motors or
electrically connected in a way that prevents significant mutual interaction.

This typically occurs when a reactor or transformer is installed between the motor and
the rest of the network [70].

An independent run-down describes the natural deceleration of a single motor after
disconnection from the supply. If strong electromagnetic coupling exists between discon-
nected motors, the process is referred to as group run-down [71]. In general, the run-down
behavior is governed by the mechanical characteristics of the driven load.

When a nearby short circuit causes reverse feeding through the motor terminals, the
run-down follows a steeper trajectory due to the development of additional braking torque.

During a run-down, every disconnected motor generates a residual EMF in its sta-
tor winding. For IMs, this EMF is relatively small, while for SMs, it can be signifi-
cant [72]. The higher the residual EMF, the larger the transient inrush current upon voltage
recovery—particularly if the reconnection occurs during an unfavorable phase angle.

From this standpoint, it is often advisable to introduce a sufficiently long delay before
voltage restoration (i.e., by adjusting the timing of the ATS or AR) to allow the resid-
ual EMF to decay, ensuring that the resulting current I′′ (Equation (5)) remains within
acceptable limits.

Stage 2—Re-acceleration and Restoration of Steady-State Operation:
Re-acceleration occurs at a reduced voltage, the level of which depends on the network

parameters, the motors involved in the restart, and the other connected loads. The electro-
magnetic torque developed by IMs during re-acceleration is proportional to the square of
the supply voltage [69].

Re-acceleration is considered successful if, under reduced voltage, the motor delivers
sufficient excess torque to accelerate the mechanism to its nominal speed, without the wind-
ing temperature exceeding the permissible limit during this process. From this standpoint,
the power outage duration should be as short as possible to minimize motor heating and
ensure a reliable restart.

Depending on specific operating conditions, two main types of automatic motor restart
can be distinguished:

• In the first case, the motor restarts with the mechanical load still applied, which may
increase the re-acceleration time and thermal stress on the windings.

• In the second case, the restart occurs with temporary unloading of the mechanism,
reducing the torque required during acceleration and improving the chances of a
successful restart under reduced voltage.

The choice between these approaches depends on system design, process requirements,
and the capabilities of the automation and protection systems.
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3.4. Speed Characteristics During IM Run-Down

In re-acceleration calculations, it is essential to first determine the motor speed or slip
at the moment of power restoration (i.e., the residual speed) [63].

The value of the residual speed at any given time after a power supply disturbance is
primarily determined by the moment of inertia (flywheel effect), the mechanical load on
the system, and the type of mechanical characteristic of the driven equipment.

The speed-time relationship after disconnection is most easily determined in the case
of free run-down. In this case, the equation of motion takes the following form [73]:

−Tl = Jeq
dω

dt
, (6)

where
Tl—load torque, N · m;
ω—rotor angular speed, rad/s;
Jeq—equivalent moment of inertia of the system, kg·m2.
The equivalent moment of inertia is equal to the sum of the motor’s own moment of

inertia and the moment of inertia of the driven mechanism (load) referred to the motor shaft:

Jeq = Jm + Jl

(
ωNl
ωNm

)2
, (7)

where
ωNl—nominal angular speed of the mechanism (load);
ωNm—nominal angular speed of the IM;
Jm—moment of inertia of the IM;
Jl—moment of inertia of the load.
If torque and angular frequency are expressed in per unit values, taking as base

the rated torque and synchronous motor frequency, Equation (6) can be rewritten as
follows [69]:

−ml = −τjN
ds
dt

, (8)

where
τjN —machine acceleration (or deceleration) time at constant load equal to rated, s.
It can be determined by

τjN = Jeq
ω0

MN
= Jeq

ω0ωN
PN

≈ Jeq
ω0

2

PN
; (9)

where
ω0 and ωN—synchronous and rated angular speed, rad/s;
MN—rated torque of the motor, N · m;
PN—rated power of the motor, W.
The angular speed ω may be expressed via rotational speed n (min−1):

ω =
2πn
60

(10)

Different machines load torques are generally expressed by the following equation:

Tl = T0 + (kl MN − M0)

(
ω

ω0

)γ

, (11)

or, when expressed in per unit values
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ml = m0 + (kl − m0)ω
γ, (12)

where
m0—initial torque at s = 1 or ω = 0, usually defined by friction forces;
kl—motor load factor at synchronous speed (load torque at ω = 1, expressed as a

fraction of rated motor torque);
γ—exponent characterizing the driven mechanism (load).
From (7) and (12), the following relation is obtained:

−m0 − (kl − m0)ω
γ = τjN

dω

dt
. (13)

For machines with practically constant load torque (conveyers, crushers, ball crushers,
piston compressors, etc.) index γ = 0. Substituting into (13) gives the dependence of speed
on run-down time:

ω = ωs −
kl

τjN
t ≈ 1 − t

τj
, (14)

where
ωs—initial angular speed (at t = 0), ωs ≈ 1;
τj—deceleration time of the drive system under a constant load torque equal to kl :

τj =
τjN

kl
(15)

For machines with load torque, this is proportional to speed (e.g., DC generators, or
when overcoming constant resistance), γ = 1. In this case, (14) yields

ω =

(
1 +

m′
0

1 − m′
0

)
e
− t

τ′j −
m′

0
1 − m′

0
, (16)

where m′
0 =

m′
0

kl
; τ′

j =
τj

1−m′
0
.

If friction torque m0 ≪ kl and we may ignore it, Equation (16) reduces to

ω = e
− t

τj . (17)

For machines with a “fan-type” mechanical characteristic—where the load torque
is proportional to the square of the speed (e.g., fans, smoke exhausters, gas blowers,
centrifugal pumps, marine propellers)—γ = 2. In this case, from (13) the following
expression is obtained:

ω =

√
m′

0
1−m′

0

(
1 + m′

0
1−m′

0

)
√

m′
0

1−m′
0
+ tg t

τ
′′
j

−
m′

0
1 − m′

0
, (18)

where

τ
′′
j =

τ′
j√
m′

0
1−m′

0

=
τj√

m′
0
(
1 − m′

0
) . (19)

If the friction torque is small and can be neglected, Equation (19) takes the form

ω =
1

1 + t
τj

. (20)
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Figure 2 shows the angular speed decay of an IM during run-down under various
mechanical load characteristics and operating conditions.

 

 

Figure 2. Angular speed variation during run-down of IMs with different mechanical characteristics
and load factors: (a) Machines with various mechanical characteristics at identical time constant τj;
(b) Constant load torque (γ = 0) at different motor load factors; (c) Fan-type mechanical characteristic
(γ = 2, m0 = 0.15) at different load factors.

As illustrated in Figure 2a, in the initial stage following supply voltage interruption,
motors with different mechanical characteristics demonstrate similar deceleration behavior,
provided they share the same mechanical time constant τj. This observation implies that, for
short-duration voltage interruptions (significantly shorter than τj), the change in angular
speed can be reliably estimated using unified analytical expressions (14)–(18), regardless of
the specific load type.

As the run-down progresses, differences in mechanical characteristics become more
apparent. In particular, motors with a “fan-type” load (where the torque is proportional
to the square of the speed, γ = 2) exhibit a slower deceleration rate due to the reduced
braking torque at lower speeds, especially in the absence of significant friction.

Figure 2b illustrates the effect of the load factor on the run-down characteristics in
the case of constant load torque (γ = 0). The curves show how a higher load level prior
to disconnection leads to faster deceleration. These results are based on expression (14).
In contrast, Figure 2c displays deceleration curves for a “fan-type” load (γ = 2), with the
initial torque set at m0 = 0.15, calculated using (18).

The results confirm that both the mechanical characteristic of the driven load and the
motor load factor significantly influence the shape and duration of the deceleration process.
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These curves can be used to determine the residual angular speed of the IM by means
of a graphical method. During run-down, the angular speed decreases more slowly (in
per-unit terms) for IMs with higher moment of inertia, higher initial angular speed, higher
exponent γ, and lower load levels in the operating regime.

4. Mathematical Model of IM Re-Acceleration
To simulate the IM start-up, voltage sag (run-down), and subsequent re-acceleration

processes, an IM model formulated in the d,q coordinate system and expressed in terms of
flux linkage derivatives is used. The system of equations can be written as follows [74]:

dψ1d
dt = U1d − R1id + ωxψ1q

dψ1q
dt = U1q − R1iq − ωxψ1d

dψ2d
dt = −R2i2d + (ωx − ω)ψ2q

dψ2q
dt = −R2i2q − (ωx − ω)ψ2d

, (21)

The torque balance equation is expressed as

TM
dω

dt
= [Te − Tl ] , (22)

The electromagnetic torque is given by

Te = Xad
(
i2di1q − i2qi1d

)
, (23)

and the load torque is expressed as

Tl = kl,varω2
2 + kl, const. (24)

where ψ1d, ψ1q, ψ2d, ψ2q—stator and rotor flux linkage components in the d,q coordinate system,
i1d, i1q, i2d, i2q—stator and rotor current components in the d,q coordinate system,
R1, R2, X1, X2, Xad—IM parameters expressed in per-unit values,
U1d, U1q—stator applied voltage components,
ω, ωx—coordinate system and rotor angular speed,
Tl , Te—load and electromagnetic torques, respectively,
TM—the motor’s moment of inertia,
kl,var, kl,const—variable and constant torque coefficients of the motor.
Equation (21) can be transformed into matrix form as follows:

d
dt


ψ1d

ψ1q

ψ2d

ψ2q

 =


U1d − R1i1d + ωxψ1q

U1q − R1i1q + ωxψ1d

U2d − R2i2d + (ωx − ω)ψ2q

U2q − R2i2q − (ωx − ω)ψ2d

. (25)

The algebraic equations linking flux linkages to currents can be expressed as
ψ1d

ψ1q

ψ2d

ψ2q

 =


X1

0
Xad

0

0
X1

0
Xad

Xad

0
X2

0

0
Xad

0
X2




i1d

i1q

i2d

i2q

 (26)
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Denoting the matrices in (25) and (26) as

[ψ] =


ψ1d

ψ1q

ψ2d

ψ2q

; [X] =


X1

0
Xad

0

0
X1

0
Xad

Xad

0
X2

0

0
Xad

0
X2

; [I] =


i1d

i1q

i2d

i2q

;

[UE] =


U1d − R1i1d + ωxψ1q

U1q − R1i1q + ωxψ1d

U2d − R2i2d + (ωx − ω)ψ2q

U2q − R2i2q + (ωx − ω)ψ2d

,

the IM model can be represented as

d
dt
[ψ] = [UE], (27)

where
[ψ] = [X][I]. (28)

Substituting (28) into (27) gives

d
dt
[X][I] = [UE] (29)

Since [X] = const, (29) reduces to

[X]
d
dt
[I] = [UE] (30)

Solving (30) for the current derivatives yields

d
dt
[I] = [X]−1[UE], (31)

where [X]−1—is the inverse of matrix [X].
Thus, the mathematical model of the IM consists of the matrix Equation (31), which

describe the transient electromagnetic processes, and the rotor motion Equation (22), which
describes the mechanical transients. For a squirrel-cage IM, the rotor voltages U2d and U2q

are assumed to be zero.

5. Simulation Results and Analysis
Using the model described in the previous section, the process of IM start-up, voltage

sag (run-down), and subsequent re-acceleration is simulated. After the motor accelerates
and reaches steady-state operation under a given load, a short circuit occurs at a certain
point in the system (see Figure 1). As a result, the voltage at the busbars to which the IM is
connected drops.

Depending on the fault location (see Figure 1), the voltage reduction at the busbars
may range from 0.9 to 0.5 UN. Based on this, several scenarios are considered in which
the bus voltage during the short circuit is reduced to the following values: 0.9 UN, 0.8 UN,
0.7 UN, 0.6 UN and 0.5 UN.

To analyze the possibility of IM re-acceleration, it is necessary to know the duration
of the voltage sag before it is fully restored. Section 2 already provided the estimated
minimum and maximum voltage sag durations at the motor terminals depending on the
short circuit location, which were found to be 0.14 s and 1.14 s, respectively. These durations
are used in the simulation of the voltage sag process.
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To simulate the start-up—voltage sag—re-acceleration process of an IM, a 0.75 kW
motor was selected, with the following parameters [75]: X1 = 0.052 pu, Xad = 2.6 pu,
X2 = 0.077 pu, R1 = 0.12 pu, R2 = 0.064 pu. More detailed technical specifications of the IM
are provided in Appendix A. The choice of a 0.75 kW IM for simulation is motivated by its
relatively low mechanical inertia, which results in faster dynamic responses during both the
run-down and re-acceleration phases. This enables clearer visualization and interpretation
of characteristic transient processes, such as voltage sag onset, deceleration, residual EMF
generation, and self-re-acceleration.

While the absolute values of current, torque, and acceleration time are dependent on
motor size, the fundamental physical processes—such as the influence of residual speed, the
voltage recovery level, and the load characteristics—are preserved across different motor
ratings. Therefore, the selected low-power motor provides an effective and illustrative basis
for analyzing the essential dynamics of IM re-acceleration following power disturbances.

The graphs shown in Figures 3–11 illustrate the variations in current, electromagnetic
torque, and rotational speed of the IM during start-up, voltage sag, and subsequent re-
acceleration, for different levels of voltage reduction from the nominal value: 0.9 UN, 0.8 UN,
0.7 UN, 0.6 UN and 0.5 UN. The graphs also show the influence of voltage sag duration at
the busbars to which the IM is directly connected. Overall, the figures demonstrate the
dependence of rotational speed, electromagnetic torque, and current on both the magnitude
and duration of the voltage sag, as well as on the subsequent re-acceleration of the motor.
All results are reported in the motor per-unit system (machine base).

Figure 3. IM speed variation during a voltage sag caused by a short circuit, followed by voltage
recovery. The voltage drops to 0.9, 0.8, 0.7, 0.6, and 0.5 UN, with a sag duration of 0.14 s. Motor rated
power: 0.75 kW. Load torque: variable.

Figure 3 shows the change in speed of the IM during a voltage sag lasting 0.14 s, while
Figure 4 illustrates the case for a sag duration of 1.14 s. In both scenarios, the IM operated
under the same variable load torque, with Tl = 1 pu. For example, Figure 4 demonstrates
that when the supply voltage drops to 0.5 UN over a period of 1.14 s, the motor speed
decreases from 1.0 to 0.63 pu. In contrast, for a voltage sag lasting only 0.14 s, the speed
decreases from 1 to 0.72 pu. This indicates that the shorter the duration of the voltage sag,
the smaller the reduction in the motor’s speed. A similar trend is observed in the remaining
figures, where the motor speed is plotted for various voltage sag durations.
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Figure 4. IM speed variation during a voltage sag caused by a short circuit, followed by voltage
recovery. The voltage drops to 0.9, 0.8, 0.7, 0.6, and 0.5 UN, with a sag duration of 1.14 s. Motor rated
power: 0.75 kW. Load torque: variable.

Figure 5. IM current variation during a voltage sag caused by a short circuit, followed by voltage
recovery. The voltage drops to 0.9, 0.8, 0.7, 0.6, and 0.5 UN, with a sag duration of 0.14 s. Motor rated
power: 0.75 kW. Load torque: variable.

Figure 6. IM current variation during a voltage sag caused by a short circuit, followed by voltage
recovery. The voltage drops to 0.9, 0.8, 0.7, 0.6, and 0.5 UN, with a sag duration of 1.14 s. Motor rated
power: 0.75 kW. Load torque: variable.
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Figure 7. IM electromagnetic torque variation during a voltage sag caused by a short circuit, followed
by voltage recovery. The voltage drops to 0.9, 0.8, 0.7, 0.6, and 0.5 UN, with a sag duration of 0.14 s.
Motor rated power: 0.75 kW. Load torque: variable.

 

Figure 8. IM electromagnetic torque variation during a voltage sag caused by a short circuit, followed
by voltage recovery. The voltage drops to 0.9, 0.8, 0.7, 0.6, and 0.5 UN, with a sag duration of 1.14 s.
Motor rated power: 0.75 kW. Load torque: variable.

Figure 9. IM speed variation during a voltage sag caused by a short circuit, followed by voltage
recovery. The voltage drops to 0.9, 0.8, 0.7, 0.6, and 0.5 UN, with a sag duration of 1.14 s. Motor rated
power: 0.75 kW. Load torque: constant.
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Figure 10. IM current variation during a voltage sag caused by a short circuit, followed by voltage
recovery. The voltage drops to 0.9, 0.8, 0.7, 0.6, and 0.5 UN, with a sag duration of 1.14 s. Motor rated
power: 0.75 kW. Load torque: constant.

Figure 11. IM electromagnetic torque variation during a voltage sag caused by a short circuit, followed
by voltage recovery. The voltage drops to 0.9, 0.8, 0.7, 0.6, and 0.5 UN, with a sag duration of 1.14 s.
Motor rated power: 0.75 kW. Load torque: constant.

Figures 5 and 6 illustrate the current response of the IM during voltage sags lasting
0.14 s and 1.14 s, respectively, under a variable load torque of Tl = 1 in pu.

A voltage sag leads to an increase in stator current due to reduced torque-producing
capability, with the effect becoming more pronounced at deeper dips. Upon voltage
recovery, a transient inrush current occurs as the motor re-accelerates to synchronous speed.
In some cases with significant residual speed and deep sags, the IM may temporarily
operate in generator mode, which is visible in the current waveforms as a polarity reversal
caused by the release of stored kinetic energy.

A direct comparison of Figures 5 and 6 highlights the role of short-circuit clearance
time. Rapid fault clearing (Figure 5) results in lower peak currents and faster voltage
recovery, facilitating efficient re-acceleration. By contrast, delayed clearance (Figure 6)
leads to greater speed reduction and lower residual voltage, which increases re-acceleration
currents and, in some cases, may prevent successful re-acceleration.

Figures 7 and 8 illustrate the electromagnetic torque dynamics of the IM under voltage
sags of varying depth. A reduction in voltage leads to a noticeable decrease in torque,
approximately proportional to the square of the voltage level. In some cases—particularly at
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deep sags of 0.5–0.6 UN—the torque falls below the load demand, thereby hindering or even
preventing re-acceleration under load. At low residual speeds combined with deep sags,
the torque may become negative, which indicates a temporary generator mode in which
the motor feeds energy back into the system. After voltage recovery, a transient torque
overshoot occurs, assisting the motor’s re-acceleration. The curves allow the identification
of critical sag thresholds at which torque reversal and generator behavior appear.

Figures 9–11 present the curves of rotational speed, current, and electromagnetic torque
for the same 0.75 kW IM, this time operating under a constant load torque of Tl = 0.5 pu.
Figure 9 shows the variation in motor speed during voltage dips. At 0.9–0.8 UN, the
rotational speed remains nearly unchanged, indicating that the motor develops sufficient
torque to sustain motion. At 0.7 UN, a moderate decrease in speed is observed, although
the motor continues running. More pronounced speed reduction occurs at 0.6 and 0.5 UN,
with complete motor stoppage at 0.5 UN. After voltage recovery, the motor successfully
re-accelerates, demonstrating its self-starting capability.

In contrast to Figure 4, where the same voltage sag duration of 1.14 s was applied
under a variable load, the IM in this case operates under a constant load torque. This
comparison highlights that the deceleration behavior of the IM is strongly affected by the
load torque characteristics.

Figure 10 illustrates the current response of the IM during start-up, voltage sag, and
subsequent recovery under a constant load torque. At moderate voltage dips (0.8–0.9 UN),
the IM continues to operate with only a slight increase in current. At 0.7 UN, the current
rises more noticeably, reflecting the motor’s attempt to compensate for the reduced electro-
magnetic torque. For deeper voltage sags (0.5–0.6 UN), a significant increase in current is
observed, accompanied by a complete motor shutdown.

After voltage recovery, the IM undergoes re-acceleration with high inrush cur-
rents reaching up to 5 pu. Such behavior must be considered in the design of motor
protection systems.

Figure 11 illustrates the electromagnetic torque response of the IM during re-
acceleration under a constant load torque. At voltage levels of 0.8–0.9 UN, the developed
torque remains above the load torque, ensuring stable operation. Under deeper voltage
sags (0.6–0.5 UN); however, the electromagnetic torque becomes insufficient to balance the
mechanical load, leading to motor deceleration. After voltage recovery, a sharp torque
surge occurs during re-acceleration, accompanied by oscillations and increased thermal
stress on the stator windings [76].

During severe voltage sags, the rotor continues to rotate due to the kinetic energy
stored in the mechanical system. In this phase, the combined effect of residual EMF and
reduced supply voltage can produce a negative electromagnetic torque, which corresponds
to a brief period of regenerative braking. This phenomenon is particularly evident when
the IM operates under a constant load torque and the developed torque falls below the
torque required to sustain rotation. It is typically accompanied by current and torque
oscillations and potential instability in rotor speed. This behavior is commonly referred to
in the literature as negative torque resulting from voltage sags in the presence of residual
kinetic energy [77,78].

During the simulation of the self-starting process of an IM, two types of load
torque were considered: a variable load (Tl = var) and a constant load (Tl = const).
Figures 12 and 13 present the time-dependent electromagnetic torque profiles of the motor
for supply voltage levels reduced to 0.9, 0.8, 0.7, 0.6, and 0.5 UN. The graphs indicate the
threshold voltages at which the electromagnetic torque becomes negative, marking the
transition of the motor into generator mode and the feeding of power back to the fault
point. When the IM changes from generator mode back to motor mode during voltage
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recovery, torque reversal can produce high transient peak-to-peak values. Such oscillations
may induce stress and fatigue in the shaft and coupling, potentially causing mechanical
damage [72]. Following voltage restoration at the terminals, the IM undergoes a sharp
re-acceleration (self-starting) under load, accompanied by significant transient processes.

Figure 12. Variation in the electromagnetic torque of the IM under variable load conditions depending
on the reduced voltage level. Rated power PN = 0.75 kW.

Figure 13. Variation in the electromagnetic torque of the IM under constant load conditions depending
on the reduced voltage level. Rated power PN = 0.75 kW.

The peak values of the electromagnetic torque and stator currents observed during
voltage sag and subsequent voltage recovery at the busbars connected to the IM are
summarized in Tables A2 and A3 of Appendix A.

It should be noted that the mathematical model of the IM applied in this work to
analyze self-starting modes was previously compared with several alternative models, as
described in [74]. All four considered models, including the d,q formulation, demonstrated
identical results when simulating transient start-up processes, thereby confirming their
internal consistency and adequacy. Furthermore, one of these models (in the α,β coordinate
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system), which is structurally equivalent to the model used in the present study, was
experimentally validated using a three-phase IM rated at 3 kW. A comparison between the
simulation results and experimental measurements showed a high degree of correlation,
as reported in [79]. Therefore, the model employed in this article can be considered
accurate, reliable, and thoroughly validated—both through theoretical consistency and
experimental verification.

6. Conclusions
This study provides an in-depth investigation of the dynamic behavior of a three-phase

IM during voltage sags and the subsequent self-starting process under load conditions.
The simulation results, based on a validated mathematical model, demonstrate the critical
influence of voltage dip parameters and load torque characteristics on motor performance,
torque oscillations, and thermal stress during re-acceleration.

Based on the analysis of the obtained results, the following conclusions can be drawn:

• The duration of the voltage dip does not significantly affect either the electromagnetic
torque or the stator current at the instant of voltage reduction.

• The dip duration has a major impact on the stator current during voltage recovery:
shorter interruptions result in lower recovery currents, whereas longer interruptions
lead to higher recovery currents.

• An IM operating under constant load torque enters generator mode at a higher re-
maining voltage level compared to an IM under variable load conditions.

• Threshold conditions for failed re-acceleration and transition into generator mode are
identified as functions of voltage dip depth, interruption duration, and load torque
characteristics (constant load torque vs. variable load conditions).

These observations are in line with earlier studies that report speed loss during voltage
sags and increased inrush/torque at recovery; at the same time, the present study extends
prior work by explicitly separating constant- and variable-torque cases, systematically
isolating the effect of interruption duration on recovery behavior, and identifying threshold
conditions for failed re-acceleration and generator-mode operation under realistic supply
disturbance scenarios.

The use of a previously verified model—consistent with both theoretical frameworks
and experimental validation—ensures the credibility and applicability of the obtained
results. The reported peak values of stator current and electromagnetic torque at the dip
and within the first cycles after recovery make the results directly applicable to protec-
tion settings, restart coordination, and the tuning of automation strategies in industrial
applications where voltage disturbances are frequent.

Further research is needed to investigate the behavior of IMs during rapid breaker
reclosing, particularly when the residual electromotive force (EMF) may be out of phase
with the reapplied voltage, potentially causing severe transients. In addition, the impact of
supply voltage asymmetry on motor operation and stability requires further examination.
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Appendix A
Table A1 presents the technical specifications of the IM 4A71A2U3, rated at 0.75 kW.
Table A2 shows the per-unit (pu) values of stator current and electromagnetic torque

at the instant of voltage dip for the IM 4A71A2U3 (0.75 kW).
Table A3 shows the per-unit (pu) values of stator current and electromagnetic torque

at the instant of voltage recovery for the IM 4A71A2U3 (0.75 kW).

Table A1. Technical specifications of the IM 4A71A2U3 (0.75 kW).

Parameter Symbol Value Unit

Rated power PN 0.75 kW
Main inductive reactance Xad 2.6 pu
Stator winding resistance (active) R1 0.12 pu
Stator winding reactance X1 0.052 pu
Rotor resistance referred to
the stator winding (active) R2 0.064 pu

Rotor reactance referred to
the stator winding X2 0.077 pu

Synchronous speed n 3000 min−1

Short-circuit resistance (active) Rsc,p 0.19 pu
Short-circuit reactance Xsc,p 0.11 pu
Starting current IS 5.5 pu
Dynamic moment of inertia J 0.00097 kg·m2

Rated torque MN 2.4 N·m
Motor time constant TIM 39.87 s
Time constant including
the referred mechanism T′

IM 82 s

Table A2. Maximum values of stator current and electromagnetic torque during the voltage-sag
interval for the IM 4A71A2U3 (0.75 kW), in motor-base per-unit (pu).

IM Type and
Rated Power

PN (kW)
UN [pu] tloss=0.14 s

Imax, Te ,max (pu)
tloss=1.14 s

Imax, Te ,max (pu) Load Type, Tl

4A71A2U3
(0.75)

0.9 UN
Imax = 0.662
Te,max = 0.538

Imax = 0.662
Te,max = 0.538 variable

0.8 UN
Imax = 0.278
Te,max = 0.218

Imax = 0.278
Te,max = 0.218 variable

0.7 UN
Imax = 0.287
Te,max = −0.106

Imax = 0.287
Te,max = −0.106 variable

0.6 UN
Imax = 0.672
Te,max = −0.434

Imax = 0.672
Te,max = −0.434 variable

0.5 UN
Imax = 1.089
Te,max = −0.765

Imax = 1.089
Te,max = −0.765 variable

0.9 UN
Imax = 0.344
Te,max = 0.279

Imax = 0.344
Te,max = 0.279 constant

0.8 UN
Imax = 0.101
Te,max = −0.047

Imax = 0.101
Te,max = −0.047 constant

0.7 UN
Imax = 0.517
Te,max = −0.377

Imax = 0.517
Te,max = −0.377 constant

0.6 UN
Imax = 0.944
Te,max = −0.710

Imax = 0.944
Te,max = −0.710 constant

0.5 UN
Imax = 1.371
Te,max = −1.048

Imax = 1.371
Te,max = −1.048 constant
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Table A3. Maximum values of stator current and electromagnetic torque within the first three fundamental
periods after voltage recovery for the IM 4A71A2U3 (0.75 kW), in motor-base per-unit (pu).

IM Type and
PN (kW) UN [pu] tloss=0.14 s

Imax, Te ,max (pu)
tloss=1.14 s

Imax, Te ,max (pu) Load Type, Tl

4A71A2U3
(0.75)

0.9 UN
Imax = 1.588
Te,max = 1.093

Imax = 1.590
Te,max = 1.095 variable

0.8 UN
Imax = 2.106;
Te,max = 1.234

Imax = 2.126;
Te,max = 1.242 variable

0.7 UN
Imax = 2.612
Te,max = 1.266

Imax = 2.681
Te,max = 1.278 variable

0.6 UN
Imax = 3.071
Te,max = 1.192

Imax = 3.232
Te,max = 1.185 variable

0.5 UN
Imax = 3.465
Te,max = 1.044

Imax = 3.711
Te,max = 1.047 variable

0.9 UN
Imax = 1.267
Te,max = 0.884

Imax = 1.267
Te,max = 0.884 constant

0.8 UN
Imax = 1.792
Te,max = 1.087

Imax = 1.807
Te,max = 1.095 constant

0.7 UN
Imax = 2.343
Te,max = 1.193

Imax = 2.437
Te,max = 1.220 constant

0.6 UN
Imax = 2.887
Te,max = 1.177

Imax = 3.416
Te,max = 1.170 constant

0.5 UN
Imax = 3.372
Te,max = 1.039

Imax = 4.572
Te,max = 1.070 constant
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