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ABSTRACT

This work develops a space-vector model of a squirrel-cage induction machine
that incorporates the effects of spatial harmonics arising from the winding distri-
bution. The modeling approach includes the first, fifth, and seventh spatial har-
monics, which are the components with the greatest influence on the machine’s
magnetic field. Simulation results highlight the impact of these harmonics on the
stator and rotor currents, the electromagnetic torque, and the machine’s speed.
To build the model, the voltage behind reactances (VBR) technique is employed,
enabling a hybrid strategy that combines circuit-based modeling tools—such as
ATP-EMTP—with computational programming in models to complement the
solution of the differential equations governing the behavior of the electrome-
chanical system. This methodology effectively transforms the induction ma-
chine into a dynamic Thèvenin-equivalent circuit for each phase of the converter.
This study provides a useful framework for evaluating how space harmonics af-
fect the performance and operating characteristics of induction machines. The
models were implemented using the ATP-EMTP software and its graphical in-
terface, ATPDraw.
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1. INTRODUCTION
The induction machine is currently the most widely used electromechanical converter. Its robustness,

reliability, and low maintenance requirements enable it to operate even under very harsh conditions [1], [2]. Its
invention is attributed to Nicola Tesla, who developed the concept of the rotating magnetic field in 1888 [3].
However, during the same period, the Italian Galilera Ferraris presented similar work between 1885 and 1888
[4], [5]. Later, in Dolivo-Dobrovolsky [6] and Ferraris and Arno [7] introduced the use of three-phase coils
in the induction machine, which is now standard in electrical distribution systems. This development laid the
foundation for modern electrical industry, providing significant performance, versatility, and reliability across
various sectors [8].

The space harmonics generated by the space distribution of the stator and rotor windings affect the
machine’s performance, which has been extensively studied [9], [10]. These harmonics alter the distribution
of the magnetic field and can generate fluctuations in electrical torque, distorted voltage waveforms, losses and
noise that affect the efficiency and operational characteristics of the machine [11]–[13].

This article models the induction machine, considering the first, fifth, and seventh space harmonics,
which are the most important components of the field in the air gap. This type of model allows for the devel-
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opment of speed measurement strategies using the harmonic spectrum of the currents [14], [15]. The approach
used consists of representing the machine through space vectors where both the stator and rotor refer to their
respective reference systems [16], [17], due to the presence of space harmonics that prevent simplifying the
dependence on the angular position θ of the rotor when transforming the equations to the stator reference.

The voltage behind reactance (VBR) model is a widely used method for representing induction ma-
chines due to its improved numerical efficiency and flexibility compared to traditional models [18], [19]. In the
modeling, the VBR approach is applied, which facilitates analysis by representing the internal voltage of the
machine as a combination of electromotive force, resistance, and inductance whose parameters vary over time
with the rotor’s position. This approach has been utilized by several authors for the integration of the machine
with its electronic drives, but the inclusion of space harmonics in this type of modeling is unprecedented, even
though [20] has proposed an approach based on the VBR technique to include the effects of saturation in the
induction machine.

Furthermore, this model is implemented using the ATP-EMTP tool and its graphical environment
ATPDraw [21], [22] to study the impact of space harmonics on key variables such as angular speed, electrical
torque, and currents. This approach allows for obtaining a more accurate model of the induction machine,
which facilitates the evaluation of losses, efficiency, and its operational characteristics [23]–[25].

2. METHOD
2.1. Statement of the theoretical problem

The analysis of the dynamic behavior of induction machines is fundamental to ensuring the stability
and efficiency of modern electrical systems [26], [27]. These machines represent an essential component in
industrial, commercial, and power generation applications, where their proper modeling allows for predicting
their response under different operating conditions. However, the presence of space harmonics in their opera-
tion introduces complex phenomena that affect their performance, generating current distortions, variations in
electromagnetic torque, and additional losses in the system [11]-[13].

Space harmonics are produced by the geometry of the air gap, the winding distribution, and magnetic
saturation, generating adverse effects on the operation of induction machines. Consequently, the precise sim-
ulation of these effects is crucial for evaluating their impact on the stability of the electrical system and the
efficiency of devices connected to the grid [20].

In this context, there is a need to develop a model that realistically represents the dynamic behavior of
induction machines, considering the effects of space harmonics and validating it through simulations in ATP-
EMTP. This study aims to bridge the existing gap between theory and practice by implementing more accurate
models. The validation of these models will improve the design of induction machines by implementing new
technologies to filter the harmonics produced by the induction machine. Furthermore, this model will allow for
observing the impact of these harmonics on electrical parameters such as torque, angular speed, currents in the
stator, among others. In this way, it will contribute to mitigating these effects and aid in the constructability of
the machine.

2.2. VBR model of the IM considering first harmonic space distribution
The voltage equations of the IM in space vectors can be represented as [28]:[
v⃗s
0

]
=

[
Rs 0
0 Rr

] [
i⃗s
i⃗r

]
+ p

[
λ⃗s

λ⃗r

]
(1)

where, [
λ⃗s

λ⃗r

]
=

[
Ls M1e

jθ

M1e
−jθ Lr

] [
i⃗s
i⃗r

]
(2)

From (1) and (2), we obtain,

pλ⃗r = −Rr

Lr

(
λ⃗r −M1e

−jθ⃗is

)
(3)
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and,

i⃗r =
1

Lr

(
λ⃗r −M1e

−jθ⃗is

)
(4)

Introducing (3) and (4) into the stator voltage equation v⃗s (1), we obtain the VBR model, which is a
dynamic Thèvenin equivalent:

v⃗s = Req, i⃗s + Leq, pi⃗eq + e⃗eq, (5)

where:

Req =

(
Rs +Rr

M2
1

L2
r

)
(6)

Leq =

(
Ls −

M2
1

Lr

)
(7)

e⃗eq =
M1

Lr

(
jθ̇ − Rr

Lr

)
ejθλ⃗r (8)

The electrical torque in space vectors is obtained from,

Te1 = M1ℑm
{⃗
is

(⃗
ire

jθ
)∗}

=
M1

Lr
ℑm

{⃗
is

(
λ⃗re

jθ
)∗}

(9)

In Figure 1, the VBR model of the IM in space vectors is presented, referenced to the stator and rotor
axes, considering that the space distribution is of the first harmonic.

i⃗s

Req=Rs + Rr
M2

1
L2
r

Leq=Ls − Lr
M2

1
L2
r

−
+

e⃗eqv⃗s

pλ⃗r = −Rr
Lr

(
λ⃗r −M1⃗is

)

e⃗eq = M1
Lr

(
jθ̇ − Rr

Lr

)
ejθλ⃗r

Te = M1
Lr

Im
{
i⃗s

(
λ⃗re

jθ
)∗}

Figure 1. VBR model of the IM corresponding to the first space harmonic in stator-rotor coordinates

2.3. VBR model of the IM considering higher space harmonics
To assess the effect of space harmonics in the IM model, the contents of the first, fifth, and seventh

space harmonics are included, as they have the most significant magnitudes. However, the proposed method
can be generalized to any number of harmonics in space. The third harmonic in balanced three-phase machines
is generally negligible and, for this reason, it has not been considered in this model.

The (1) is valid for any number of harmonics. The fundamental difference lies in the determination of
the inductance matrix and its relationship with the flux links:[

λ⃗s

λ⃗r

]
=

[
Ls

∑
Msri (θ)∑

M∗
rsi (θ) Lr

] [
i⃗s
i⃗r

]
(10)

Dynamic behavior of induction machines in ATP-EMTP with space harmonics (Jose Manuel Aller)



6 ❒ ISSN: 2502-4752

where: ∑
Msri (θ) = M1e

jθ +M5e
−j5θ +M7e

j7θ +M11e
−j11θ +M13e

j13θ + · · ·

From expression (10), we obtain:

i⃗r =
1

Lr

(
λ⃗r −

∑
M∗

rsi (θ) i⃗s

)
(11)

and replacing (11) in (1), we have:

pλ⃗r = −Rr

Lr

(
λ⃗r −

∑
M∗

rsi (θ) i⃗s

)
(12)

The stator voltage equation, obtained from (1), including the effect of the space harmonics, is:

v⃗s = Rs⃗is + p
(
Ls⃗is +

∑
Msri (θ) i⃗r

)
(13)

By substituting (11) and (12) into (13), we obtain:

Req = Rs +
Rr

L2
r

{
M2

1 +M2
5 +M2

7 + . · · ·+ 2 (M1M5 +M1M7 +M5M7) cos 6θ + · · ·
}

(14)

The equivalent inductance Leq is:

Leq = Ls −
1

Lr

{
M2

1 +M2
5 +M2

7 + . · · ·+ 2 (M1M5 +M1M7 +M5M7) cos 6θ + . · · ·
}

(15)

The electromotive force e⃗e is:

e⃗eq =

[
−Rr

Lr
A+ jθ̇

∂A

∂θ

]
λ⃗r

Lr
+ 12θ̇

B

Lr
sin 6θ i⃗s (16)

where:

A =
(
M1e

jθ +M5e
−j5θ +M7e

j7θ
)

B = M1M5 +M1M7 + 4M5M7 cos 6θ

Finally, the electrical torque can be determined as:

Te = Te1 + Te5 + Te7 (17)

where,

Te1 =
M1

Lr
ℑm

{⃗
is

(
λ⃗re

jθ
)∗}

(18)

Te5 = −5M5

Lr
ℑm

{⃗
is

(
λ⃗re

j5θ
)∗}

(19)

Te7 =
7M7

Lr
ℑm

{⃗
is

(
λ⃗re

j7θ
)∗}

(20)

The VBR model is a dynamic equivalent of the differential equations of the machine that allows it to
be represented by an electrical circuit with Req , Leq , and an electromotive force e⃗eq . The variables used are
space vectors obtained from the general expression:

x⃗s =

√
2

3

{
xa (t) + ej

2π
3 xb (t) + ej

4π
3 xc (t)

}
(21)
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The equivalent resistance Req and inductance Leq can be directly used in each of the phases of an
electrical circuit. The rotor’s flux link can be obtained by numerically integrating the differential (3). With
this information, it is possible to determine the space vector of the electromotive force e⃗eq . To determine the
electromotive forces of each phase of the IM, the inverse transformations are used:

xa (t) =

√
2

3
ℜe {x⃗s} (22)

xb (t) =

√
2

3
ℜe

{
x⃗se

j 4π
3

}
(23)

xa (t) =

√
2

3
ℜe

{
x⃗se

j 2π
3

}
(24)

2.4. VBR model of the IM in ATPDraw
Figure 2 represents the dynamic model of an induction machine developed in the graphical environ-

ment of ATPDraw from the ATP-EMTP program, including the influence of space harmonics. The model
includes the three phases of the IM, calculating within the simulation models block the rotor’s flux link, which
allows for the determination of instantaneous values of Req , Leq , ea, eb y ec. The dependent electromotive
forces must be simulated using Norton equivalents because the tool does not have isolated dependent voltage
sources from ground.

One of the main difficulties with programming in models is that it requires separating the variables
into real and imaginary parts, as this tool does not handle complex numbers. The programming used to create
the model can be found in section 4.2.1, where the variables denoted with x represent the real part and those
with y represent the imaginary part of the space vector.

Figure 2. Model in ATPDraw of a VBR induction machine for space harmonic analysis
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3. RESULTS
3.1. Results of the VBR model of the IM

In Table 1, the data used to analyze the behavior of the IM is presented.

Table 1. Data of the IM used in the VBR modeling
Parameter Value

Rs 0.353Ω

Rr 0.424Ω

Lls 2.59mH
Llr 3.88mH

p 2 pair

Msr1 67.47mH
Msr5 0.60mH

Msr7 0.60mH

J 0.163 kgm2

kr 0.002W/(rad/s)2

3.1.1. Results corresponding to the simulation with fundamental harmonic in space
In Figure 3, the results obtained with the VBR model of the IM are shown, considering the behavior

of the first, fifth, and seventh space harmonics. In Figure 4, the behavior of the currents obtained is represented
for the same case, considering in the simulation only the first space harmonic. Figure 5 presents a detail of the
machine’s currents in steady state when only the first harmonic is considered in the space distribution. In this
case, the stator currents also exhibit a first temporal harmonic.

Figure 3. Electrical torque and angular speed of the IM considering the fundamental harmonic

Figure 4. Currents in phases a, b, and c of the IM stator, considering the fundamental harmonic
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Figure 6 shows the Fourier spectrum of the currents obtained in the simulation, where it is observed
that only the presence of the first temporal harmonic exists due to the space distribution, which includes only
the fundamental component. Finally, Figure 7 presents the development of the space vectors of the rotor flux
of the IM during startup.

Figure 5. Currents in phases a, b, and c of the IM stator, considering the fundamental harmonic

Figure 6. Fourier spectrum of the currents obtained in the VBR simulation of the IM with first harmonic space
distribution

Dynamic behavior of induction machines in ATP-EMTP with space harmonics (Jose Manuel Aller)
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Figure 7. Evolution of the space vector of the rotor flux linkages λ⃗r during the startup of the IM

3.1.2. Results corresponding to the simulation considering first, fifth, and seventh space harmonics
In Figure 8, the results obtained with the VBR model of the IM are shown, considering the behavior

of the first three space harmonics. In Figure 9, the behavior of the currents obtained is represented for the same
case, considering the simulation of the first three space harmonics. Figure 10 shows a detail of the steady-state
currents where the presence of temporal harmonics caused by the space harmonic distribution in the air gap is
observed.

Figure 8. Electrical torque and angular speed of the IM considering the first, fifth, and seventh space
harmonics
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Figure 9. Currents in phases a, b, and c of the IM stator, considering the first, fifth, and seventh harmonics

Figure 11 presents the Fourier spectrum of the currents obtained in the simulation, where the presence
of the first, fifth, and seventh temporal harmonics in the currents can be observed, along with their multiples,
due to the space distribution that includes the first, fifth, and seventh space harmonics. Finally, Figure 12
presents the development of the space vectors of the rotor flux of the IM during startup, considering the first
three space harmonics.

Figure 10. Detail of the steady-state currents in phases a, b, and c of the IM stator, considering the first, fifth,
and seventh harmonics

Dynamic behavior of induction machines in ATP-EMTP with space harmonics (Jose Manuel Aller)
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Figure 11. Fourier spectrum of the currents obtained in the VBR simulation of the IM with space distribution
of the first, fifth, and seventh space harmonics

Figure 12. Evolution of the space vector of the rotor flux linkages λ⃗r during the startup of the IM considering
the first three space harmonics
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4. DISCUSSION
4.1. Result analysis for first harmonic

The results obtained reveal that modeling the induction machine using the VBR technique provides
a simple and accurate representation of the fundamental harmonic in space. The model obtained in stator and
rotor coordinates aligns with the models referred to the stator. As can be seen in Figure 3, where the electrical
torque and speed are represented for an induction machine that has a space distribution of the first harmonic
field that matches the results obtained in the models presented in [28]. In Figures 4, 6, and 7, the stator currents,
the spectrum of these currents, and the space vector of the rotor flux linkage are represented under the same
condition, respectively.

4.2. Result analysis for first, fifth and seventh harmonic
To consider the effect of space harmonics, it is necessary to apply the principle of superposition,

summing the different harmonics in the mutual inductances and in the calculation of the electrical torque.
As the harmonic number increases, its amplitude and influence on the various electrical variables decrease.
A particular case is the rotor flux linkage where space harmonics have a very limited influence, unlike the
electrical torque where these harmonics produce significant fluctuations that manifest as reduced stability in
the machine’s velocity. Some harmonics rotate in the opposite direction to the machine’s speed, introducing
larger losses in the converter. Each harmonic generates an associated electrical torque, so the total torque
is obtained by summing the individual torques of each harmonic. The harmonic electrical torque tends to
progressively decrease in magnitude, although its effect is noticeable in the lower harmonics.

In Figure 8, the behavior of the speed ωm and the electrical torque Te is shown when the first, fifth,
and seventh space harmonics are included in the representation of the inductances of the induction machine.
The stator currents, their spectrum, and the space vector of the rotor flux linkage are presented in Figures 9, 11,
and 12, respectively. In these results, the influence of the space harmonics on torque and angular speed can be
clearly detected. In the rotor flux linkages, the influence is less decisive.

4.2.1. ATPdraw circuit model
Figure 13 shows the ATP-EMTP implementation of the induction machine model considering first,

fifth, and seventh space harmonics in the air gap. The Figure 14, presents the complete and commented code in
models language for ATP-EMTP. Models code for the induction machine model considering harmonics first,
fifth and seventh [29]. This code reads the input parameters of the machine being simulated, assigning default
values in case they are not defined in the call. It also defines the input variables from the VBR circuit, which
are read, as well as the output variables that are sent to the circuit or to the results output. State variables are
defined in the history to enable subsequent integrations of the differential equations. The next step involves
assigning initial values to these variables.

Figure 13. ATPDraw model for induction motor considering space harmonics

Dynamic behavior of induction machines in ATP-EMTP with space harmonics (Jose Manuel Aller)
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Figure 14. Models script for induction motor model considering space harmonics
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Finally, the executable part begins, which occurs at each integration step, where the input variables
are transformed into the space vector domain, the derivatives of the state variables are calculated, integrated,
and ultimately converted back to the natural variable domain a, b, and c. Additionally, the angular velocity is
calculated by integrating Newton’s equation, and this is further integrated to determine the angular position.
All calculations are performed by separating the space variables into their real and imaginary components,
utilizing auxiliary variables to simplify the model’s calculations.

Regarding the simulation, it is observed that the original model, based on the fundamental harmonic,
exhibits completely clean signals, without distortions or impacts on variables such as stator currents, angular
speed, and electrical torque. However, when incorporating space harmonics, their impact becomes evident in
various variables and in the operational characteristics of the electromechanical converter.

Therefore, it is crucial to consider the influence of space harmonics in the analysis of the induction
machine, as they can negatively affect its performance, efficiency, and lifespan. These harmonics generate
fluctuations in electrical torque, angular speed, and stator currents, introducing vibrations, noise, and elec-
tromagnetic interferences. Finally, including the presence of space harmonics in the design of the induction
machine allows for a more realistic approximation of its behavior and the industrial needs that arise in practice.

5. CONCLUSION
In this work, an original model of the induction machine has been developed that integrates space

harmonics, space vectors in stator-rotor coordinates, and the VBR technique, which has been successfully
implemented in the ATP-EMTP tool through its graphical environment ATPDraw. It has been demonstrated that
space harmonics, particularly the fifth and seventh harmonics, significantly impact the operation of induction
machines. Simulations conducted with ATP-EMTP have shown fluctuations in current and torque, negatively
affecting the efficiency and operability of these machines. The results obtained emphasize the importance of
considering harmonic effects when designing and operating these machines in industrial environments.

This work provides a more detailed understanding of the impact of space harmonics on the perfor-
mance of induction machines, which is crucial for enhancing operability and efficiency in industrial applica-
tions. This research contributes to improving the analysis of induction machines, facilitating more efficient
operation in the presence of space harmonic distortions.
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