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Modeling of Saturated Induction Machines
With Injected High-Frequency Signals
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Abstract—This paper analyzes the effects of injecting additional
signals in induction machines for the purpose of speed control.
A new saturation model able to correctly model the interaction
between the added signal and saturation of the motor core due to
the main torque-producing flux is presented. The introduction of
a variable saturation factor is used to model the variation of the
saturation level due to the additional signal. A third harmonic rotor
circuit is also introduced to take account of the third harmonic
component of the air-gap flux, due to saturation. An additional
balanced voltage set is added to the normal supply to analyze the
effects of such signals on a saturated induction motor. Simulation
results of such a model both at no load and full load are presented
together with experimental measurements.

Index Terms—Air-gap flux harmonics, flux position estimation,
q-d model, saturation modulation, sensorless control.

I. INTRODUCTION

INJECTION of a high-frequency (hf) signal component into
the current command of a voltage-source pulse width mod-

ulation (PWM) inverter is presently one of the most heavily
studied and analyzed techniques for speed control of induction
motors (IMs) without the need for a shaft position or speed
sensor (sensorless control). It can be easily demonstrated that
the injected hf signal creates additional hf voltage and current
harmonics that can be used to obtain the information needed for
sensorless control [1]. Among the several techniques proposed,
depending on the type of the hf signal injected, it is quite in-
teresting to analyze, in particular, the case where an additional
hf symmetrical voltage component vshf is added to the normal
stator voltage. In this case, the generated hf magnetic field Fhf ,
interacting with the main rotating field Fe , produces a periodic
variation of the saturation level along the path of the magne-
tizing flux. In the existing techniques for sensorless control of
IM, such an additional field is either rotating [1], [2] at a high
angular frequency ωhf or pulsating on the flux axis [3] at an
angular frequency ωosc , according to the voltage set injected:
rotating if vshf consists of a balanced set, pulsating if vshf is
injected only in a phase or consists of three identical voltages.

Because of the increasing importance of this type of hf in-
jection sensorless technique, it is important to analyze the ef-
fects caused by the hf injected signal on the behavior of the
induction motor. Indeed, the injection of such hf voltages pro-
duces additional harmonics in the motor currents and in the sta-
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tor phase-linked fluxes, causing possible noise and vibrations
in the structure of the motor and a modification of its overall
performance.

In order to examine the effects of additional signals on the ma-
chine, instead of studying the common cases of a pulsating or a
rotating hf field, a more general case of general practical interest
for sensorless control has been used. An additional field rotating
at a high angular frequency ωhf and pulsating in amplitude at
an angular frequency ωosc is added to the main magnetic field.
As traditional d–q models of induction machines are not able to
represent the phenomena produced by the injection of such an
hf signal, it is necessary to introduce a new saturation model for
induction machines, as will be presented and described in this
paper.

II. SATURATION MODEL

Several models describing saturation in induction motors have
been presented in the recent years. One of the first approaches,
proposed in [4], is to model a saturated induction machine us-
ing a small signal linearization around an operating point. A
different method exploits the idea of reorienting the q–d axis
to take into consideration the effect of saturation on the main
flux path [5]. A more accurate model in predicting the machine
performance during transient conditions introduces the effects
of saturation by modifying the amplitude of the magnetizing
flux λm with the aid of saturation factors [6], [7]. Although it is
possible to take into consideration the drop of the amplitude of
the saturated magnetizing flux with respect to the unsaturated
one, this approach does not pay attention to the generation of
higher flux harmonics in the main flux. The creation of satu-
ration harmonics was described for the first time in [8], where
their effects on the machine performance at steady state are also
analyzed. An alternative approach to investigate the effects of
saturation on the harmonic spectrum of the air-gap flux density
is described in [9]. One of the most important facts regarding the
saturation harmonics is that they all rotate at the same angular
speed as the fundamental component. Therefore, it is necessary
to introduce different subsystems in the motor model, one for
each harmonic. However, it should be noted that the effect of
the third harmonic is dominant because the amplitudes of the
higher order harmonics are lower [8].

An alternative approach proposed in [10] introduces the har-
monic components of the magnetizing flux due to the nonlinear
nature of saturation by modifying the air-gap length as a function
of the air-gap flux position and amplitude. As a consequence of
saturation, a third harmonic flux component is created within
the magnetizing flux, and third harmonic currents are induced
in the rotor circuits creating a ripple in the total torque and
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producing rotor losses. Hence, it is necessary to introduce into
the circuit parameters of the induction motor a third harmonic
magnetizing inductance relating the main component of the flux
with its third harmonic component [11]. Even if such a model
is able to predict more accurately the saturation effects in terms
of the harmonic content of flux and current, it is of limited prac-
tical use to describe the modifications of the saturation level
introduced by an additional hf injected signal. Saturation is still
introduced appropriately by defining the air-gap length with
reference to the particular spatial distribution of the magnetiz-
ing flux, and therefore, by modifying the conventional model
with constant parameters. More complex phenomena, such as
the saturation modulation produced by the hf injected signal,
could be modeled only by redefining the air-gap length accord-
ing to the injected signal that modifies the spatial distribution
of the air-gap flux. However, this added complication has been
determined as unnecessary for the application to be considered.

A proper model to investigate the hf saturation involves both
modifying the amplitude of the fundamental and introducing a
third harmonic component of the magnetizing flux. Therefore,
as conventional models of induction machines are not able to
analyze the effects of interaction between the additional hf signal
and saturation of the magnetic paths, an improved saturation
model must be developed, which accounts for the saturation
effects in the rotor and stator magnetic cores.

The model presented in this paper is based on the standard
q–d model of the machine; the voltage equations for the balanced
three-phase squirrel-cage induction machines in the arbitrary
reference frame are follows:

vqs = rsiqs +
1
ωb

dψqs

dt
+

ω

ωb
ψds

vds = rsids +
1
ωb

dψds

dt
− ω

ωb
ψqs

v′
qr = 0 = r′r i

′
qr +

1
ωb

dψ′
qr

dt
+

(ω − ωre )
ωb

ψ′
dr

v′
dr = 0 = r′r i

′
dr +

1
ωb

dψ′
dr

dt
− (ω − ωre )

ωb
ψ′

qr (1)

and the equations for the flux linkages from the equivalent cir-
cuits are expressed in q–d variables by

ψqs = Xlsiqs + ψmq,satψds = Xlsids + ψmd,sat

ψ′
qr = X ′

lr i
′
qr + ψmq,satψ

′
dr = X ′

lr i
′
dr + ψmd,sat . (2)

With reference to the traditional approach to simulation,
where the flux linkages are considered as state variables and
the currents as dependent algebraically related variables, the
currents can be solved in terms of flux linkages as follows:

iqs =
ψqs − ψmq,sat

Xls
ids =

ψds − ψmd,sat

Xls

i′qr =
ψ′

qr − ψmq,sat

X ′
lr

i′dr =
ψ′

dr − ψmd,sat

X ′
lr

. (3)

Fig. 1. Magnetization curve ψm = f (im ), ∆ψm = f (ψm ,unsat ).

By substituting into the differential equations and integrating,
one obtains

1
ωb

ψqs =
∫ {

vqs−
rs

Xls
[ψqs − ψmq,sat ] −

ω

ωb
ψds

}
dt

1
ωb

ψds =
∫ {

vds−
rs

Xls
[ψds − ψmd,sat ] +

ω

ωb
ψqs

}
dt

1
ωb

ψ′
qr =

∫ {
v′

qr−
r′r
X ′

lr

[
ψ′

qr − ψmq,sat
]
− ω − ωre

ωb
ψ′

dr

}
dt

1
ωb

ψ′
dr =

∫ {
v′

dr−
r′r
X ′

lr

[ψ′
dr − ψmd,sat ] +

ω − ωre

ωb
ψ′

qr

}
dt.

(4)

Saturation is included in the model by considering the dif-
ference between the amplitudes of the unsaturated magnetizing
flux and the saturated flux, as shown in Fig. 1, which is defined
with the aid of the saturation factors km , as described in [6]
and [7]:

ψm,sat =
√

(ψmq,sat)2 + (ψmd,sat)2

= (1 − km ) ψm,unsat = ψm,unsat − ∆ψm (5)

where ∆ψm = f(ψm,unsat) = km ψm,unsat and km =
f(ψm,unsat), the saturation factor, is a generated function of
the resultant unsaturated magnetizing flux ψm,unsat :

ψm,unsat =
√

(ψmq,unsat)2 + (ψmd,unsat)2

∆ψmq and ∆ψmd are the differences between the amplitudes of
the q- and d-components of the unsaturated flux and the same
components of the magnetizing saturated flux, defined by

∆ψmq =
ψmq,unsat

ψm,unsat
∆ψm = km ψmq,unsat

∆ψmd =
ψmd,unsat

ψm,unsat
∆ψm = km ψmd,unsat (6)
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and the unsaturated magnetizing fluxes on the d- and q-axis are
given as

ψmq,unsat = Xm

(
iqs + i′qr

)
ψmd,unsat = Xm ( ids + i′dr ) . (7)

Substituting the expressions for currents in (7)

ψmq,unsat =
X∗

mm

Xls
ψqs +

X∗
mm

X ′
lr

ψ′
qr + X∗

mm

×
(

1
Xls

+
1

X ′
lr

)
∆ψmq

ψmd,unsat =
X∗

mm

Xls
ψds +

X∗
mm

X ′
lr

ψ′
dr + X∗

mm

×
(

1
Xls

+
1

X ′
lr

)
∆ψmd (8)

where

X∗
mm =

1
1

Xm
+ 1

Xl s
+ 1

X ′
l r

.

It is also known that, as a consequence of saturation, the re-
sultant air-gap flux assumes a flattened sinusoidal form [10]. Its
harmonic content, which includes all odd harmonics, is domi-
nated by the third harmonic. Therefore, to analyze the harmon-
ics of the main variables due to saturation and its effect on the
added hf signal, saturation of the magnetic core cannot be mod-
eled only by decreasing the amplitude of the main magnetizing
flux. It is necessary to consider a third harmonic component
rotating in the air gap with the same speed and direction, in
addition to the fundamental component of the air-gap magne-
tizing flux. Therefore, the q–d model described before can be
modified by creating third harmonic q- and d-axis components
of the magnetizing flux. Such components are obtained using
the well-known trigonometric triplication formula:

sin(3ωt) = 3 sin(ωt) − 4[sin(ωt)]3 (9)

where sin(ω t) is a sinusoidal signal pulsating at the angular
frequency ω and sin (3ω t) is a sinusoidal signal pulsating at the
angular frequency 3ω.

According to (9), the additional third harmonic components
are derived from the fundamental quantities by the following
two analytical expressions:

ψmq3 =

[
3
(

ψmq,unsat

ψm,unsat

)
− 4

(
ψmq,unsat

ψm,unsat

)3
]

ψm3

ψmd3 =

[
3
(

ψmd,unsat

ψm,unsat

)
− 4

(
ψmd,unsat

ψm,unsat

)3
]

ψm3 (10)

where ψm3 , the amplitude of the third harmonic component
of the air-gap flux, can be obtained from the amplitude ψm of
the fundamental component of the magnetizing flux using the
relation

ψm3 = f(ψm,unsat). (11)

Fig. 2. Curve ∆ψm 3 = f (ψm ,unsat ).

Fig. 3. Introduction of saturation in the standard q–d model.

Such a curve can be obtained from experimental tests or
finite element analysis (FEA) of saturated IM models [1], [10].
In Fig. 2, the third harmonic magnetizing (air gap) flux linkage
has been calculated for the machine used in this paper through
FEA of the motor performance as a function of the fundamental
air-gap flux linkage amplitude.

Modification of the standard q–d model due to saturation of
the magnetic core, as described by (5)–(11), is shown in Fig. 3.
The selected part of the scheme is used to create the additional
third harmonic in the magnetizing flux, as described by (10).

The response of the rotor cage to the two components of the
magnetizing flux is a cage current that has two components rotat-
ing, respectively, at the fundamental and three times the funda-
mental angular frequency. It is, then, necessary to model the ma-
chine with two different rotor circuits, one for the fundamental
current and the other for the third harmonic current, as described
in [10]:

i′qr3 =
ψ′

qr3−ψmq3

X ′
lr

i′dr3 =
ψ′

dr3−ψmd3

X ′
lr

(12)
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where ψ′
qr3 and ψ′

dr3 are the q- and d-axis third harmonic com-
ponents of the rotor flux linkages, respectively, ψmq3 and ψmd3
are the q- and d-axis third harmonic components of the mag-
netizing flux linkages, respectively, i′qr3 and i′dr3 are the q-
and d-axis third harmonic components of the rotor currents,
respectively.

Inserting these results into the differential equations

v′
qr3 = 0 = r′r i

′
qr3 +

1
ωb

dψ′
qr3

dt
+ 3

(ω − ωre )
ωb

ψ′
dr3

v′
dr3 = 0 = r′r i

′
dr3 +

1
ωb

dψ′
dr3

dt
− 3

(ω − ωre )
ωb

ψ′
qr3 (13)

and by integration, one obtains

1
ωb

ψ′
qr3=

∫ {
v′

qr3−
r′r
X ′

lr

[
ψ′

qr3−ψmq3
]
−3

(ω−ωre)
ωb

ψ′
dr3

}
dt

1
ωb

ψ′
dr3=

∫ {
v′

dr3−
r′r
X ′

lr

[ψ′
dr3−ψmd3 ] +3

(ω−ωre)
ωb

λ′
qr3

}
dt.

(14)

The torque produced by the machine also consists of two
different components [10], [11]. The first is related to the inter-
action between the fundamental stator and rotor current com-
ponents. The other one, related to the interaction between the
fundamental stator and the third harmonic rotor currents, de-
pends on the third harmonic component of magnetizing flux,
which is a function of its fundamental component, as shown in
Fig. 2.

Te,1 =
3
2

p

ωb
Xm,sat

(
i′dr iqs − i′qr ids

)
(15)

Te,3 =
3
2

p

ωb
Xsr3,sat

[
iqsi

′
dr3 − idsi

′
qr3

]
(16)

where 2p is the number of poles and Xm,sat , the saturated
magnetizing reactance, is

Xm,sat = ωbLm,sat = ωb(1 − km )Lm

=
ψm,sat

im
=

ψmq,sat

imq
=

ψmd,sat

imd

Xsr3,sat , the mutual reactance between the stator and the third
harmonic rotor circuit, is calculated from the third harmonic
component of the air-gap flux.

Xsr3,sat = ωbLsr3,sat =
ψm3

im
. (17)

Finally, as the motor is physically connected to an external
load, the equation that couples the electrical to the mechanical
system is

Te − Tl =
2
p
J

dωre

dt
(18)

where Te = Te1 + Te3 is the electromagnetic torque, Tl is the
load torque, and J is the inertia of the rotor.

III. SIMULATION MODEL

The model described in Section II is now used to describe
the effects produced by injection of hf signals. To this aim, it is
useful to consider a general case where a balanced three-phase
voltage set, pulsating in amplitude at an angular frequency ωosc
and rotating at a generic angular frequency ωrot , is added to the
normal supply

vas = Vmax cos(ωet) + vahf

vbs = Vmax cos
(

ωet −
2
3
π

)
+ vbhf

vcs = Vmax cos
(

ωet +
2
3
π

)
+ vchf (19)

where ωe is the angular frequency of the main magnetizing field
and

vahf = [Vhf cos(ωosct)] cos(ωrott)

vbhf = [Vhf cos(ωosct)] cos
(

ωrott −
2
3
π

)

vchf = [Vhf cos(ωosct)] cos
(

ωrott +
2
3
π

)
(20)

are the added hf signals.
The magnetic field, rotating at ωrot and pulsating in amplitude

at ωosc , generated by such an additional signal, interacting with
the main field Fe rotating at ωe produces a modulation of the
saturation level along the path followed by the magnetizing flux.
Such a variation depends on the component of the additional
magnetic field on the direction of the main field Fe , which is
obtained by the projection of Fhf on the d-axis locked to the
air-gap flux axis and rotating at ωe :

(Fhf )d = [Fhf cos(ωosct)] cos[(ωrot − ωe)t]

=
1
2
Fhf{cos[(ωrot − ωosc − ωe)t]

+ cos[(ωrot + ωosc − ωe)t]}. (21)

Therefore, it is possible to assume that the magnetizing flux
λe , rotating at an angular frequency ωe , has its amplitude modu-
lated by the d-component of the additional flux λhf , correspond-
ing to the field Fhf .

λe = [Λe + Λe,hf ] cos(ωet)

Λe,hf = ∆Λe,hf cos(ωosct) cos [(ωrot − ωe)t] . (22)

By trigonometric manipulation of (22), one obtains

Λe,hf =
1
2

∆Λe,hf cos[(ωrot − ωosc − ωe)t]

+
1
2

∆Λe,hf cos[(ωrot + ωosc − ωe)t]. (23)

It can be noted that if ωosc is zero and ωrot = ωhf (�ωe), the
additional signal produces an hf field rotating at the angular
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speed ωhf [12]. Therefore, the amplitude of the magnetizing
flux that is directed along the d-axis and rotates at ωe is made
of two different components. The first component is constant
and is due to the normal supply frequency, while the second
one is pulsating at ω0 = ωhf − ωe because the projection of the
hf field on the d-axis depends on the difference between the
rotating speeds of the two magnetic fields.

On the contrary, if ωrot = ωe , the additional signal creates
an additional field rotating at the same angular frequency of the
main flux and pulsating at ωosc in amplitude. In other words,
in this case, the amplitude of the magnetizing flux includes the
normal constant component due to the motor supply and an
additional component pulsating at ωosc due to the added signal.

Finally, if ωrot = 0, the additional signal produces a field in
a constant direction pulsating in amplitude at ωosc . In this case,
the amplitude of the air-gap flux contains, in addition to the
constant term, two different components pulsating, respectively,
at ωosc − ωe and ωosc + ωe .

Considering the voltage set in (19) and (20), and transforming
it into the q–d stationary reference frame, it is possible to obtain
the input voltages of the model described earlier:
 vqs

vds

vos


=

2
3


 cos(γs) cos

(
γs− 2

3 π
)

cos
(
γs + 2

3 π
)

sin(γs) sin
(
γs− 2

3 π
)

sin
(
γs + 2

3 π
)

1
2

1
2

1
2


·


 vas

vbs
vcs




where γs = θ − θs , with θ and θs representing the position,
respectively, of the q–d reference frame and of the a–b–c stator
frame with respect to the stator phase a. As in this case, γs = 0,
it follows

vqs = Vmax cos(ωet) + [Vhf cos(ωosct)] cos(ωrott)

vds = −{Vmax sin(ωet) + [Vhf cos(ωosct)] sin(ωrott)} . (24)

Using the q- and d-voltages, calculated in (24), as the input
voltages in (4) and solving the model described by (4)–(18), the
variables of interest can be evaluated. In this way, the effects
of the hf additional signal in a saturated motor structure can
be analyzed and discussed both at no load and full load. In
particular, it is interesting to analyze how the injection of the
hf signal introduces new harmonics in the stator currents and
linkage fluxes, and to check if, besides the fact that they can be
used to evaluate the position of the main flux, they also modify
the torque of the motor.

IV. SIMULATION RESULTS

In order to validate the model, several simulations were per-
formed, both at no load and at full load, using a 1.1 kW, three-
phase induction motor. The motor data are presented in Table I.

A. No Load Tests

Firstly, a simulation without injection of additional signal
was performed at no load, rated flux using a 27.5 V rms , 5 Hz
balanced set as supply voltages. Then, to study the effects of the
additional voltages, a 20 Vrms , 500 Hz balanced set of voltages
modulated in amplitude at 50 Hz was added to the normal supply.

TABLE I
MOTOR PARAMETERS

Fig. 4. Supply voltages at no load.

Fig. 5. Magnetizing flux λm without injection at no load.

Fig. 4 shows the stator voltages in the stationary reference
frame (q- and d-axis rotating at ω = 0) with the injection of the
added signal. The amplitude of the voltage is also shown.

The injected signal (20) creates an additional magnetic field
that, interacting with the main field, causes a ripple in the mag-
netizing flux λm [13]. Figs. 5 and 6 show the amplitude of the
air-gap flux both without and with the additional signal.

It can be easily shown that the injection of the additional
signal does not modify the mean value of the amplitude of
the magnetizing flux (λm = 1.157) Wb, but introduces two
additional harmonics, respectively, at the following angular
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Fig. 6. Magnetizing flux λm with injection at no load.

Fig. 7. Spectrum of the hf ripple in the magnetizing flux at no load.

Fig. 8. Phase a stator current without injection at no load.

frequencies:

f1 = frot − fosc − fe = 445Hz

f2 = frot + fosc − fe = 545Hz (25)

as shown in Fig. 7. In particular, if fosc = 0 and frot = fhf ,
the amplitude of the air-gap flux contains only the harmonic

Fig. 9. Phase a stator current with injection at no load.

Fig. 10. Spectrum of the stator phase a current with injection at no load.

at frequency fhf − fe [13], which can be used in sensorless
control to determine the position of the magnetizing flux [14].
It should be noted that the curves in Figs. 5 and 6 show only the
fundamental component of the magnetizing flux, from which the
third harmonic component is created using the curve in Fig. 2.

The flux linking both the stator slots and the rotor bars in-
duces hf currents into them. Indeed, analyzing the phase a stator
current, shown in Figs. 8 and 9, the effects of the ripple due to the
injected signal are clearly illustrated by additional hf harmonics
(Fig. 9).

In particular, the spectrum of the phase a stator current is
characterized by two additional harmonics, shown in Fig. 10,
respectively, at frequencies

f1 = frot − fosc = 450Hz

f2 = frot + fosc = 550Hz (26)

The electromagnetic torque produced by the motor, which
contains the effects of the normal rotor circuit and the third
harmonic rotor circuit as well as the motor speed is shown in
Figs. 11 and 12.

In particular, in Fig. 11, the effect of saturation is seen easily,
which causes a ripple in the motor torque and speed oscillations
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Fig. 11. Electromagnetic torque and rotor speed without hf injection at no
load.

Fig. 12. Electromagnetic torque and rotor speed with hf injection at no load.

Fig. 13. Phase a stator current and rotor speed at no load.

due to the third harmonic air-gap flux component. Fig. 12 shows
the effects of the additional hf signal that creates an hf ripple
in the torque value but that has almost no effect on the motor
speed because of the rotor inertia.

Fig. 13 shows how the phase a stator current and the rotor
speed vary at no load when the reference speed changes from
zero to ωr = 15.71 rad/s. It is readily seen that the added signal
has no effect on the rotor speed transient behavior.

B. Full Load Tests

To evaluate the effects of the hf injection with an impressed
load torque, simulation runs were performed using a 32.5 Vrms ,

Fig. 14. Magnetizing flux λm without injection at full load.

Fig. 15. Magnetizing flux λm with injection at full load.

5 Hz balanced set as supply voltages and the 20 Vrms , 500 Hz
balanced set modulated in amplitude at 50 Hz as the additional
signal. A constant torque Tl = 7.5 Nm was adopted as the motor
load. Figs. 14 and 15 show the amplitude of the air-gap flux
without and with the additional hf signal: the ripple due to
the injected signal can be observed easily (Fig. 15); such a
ripple, characterized again by the two additional harmonics in
(25), shown in Fig. 16, does not modify the mean value of
the amplitude of the magnetizing flux (λm = 1.157 Wb, which
is equal to the no load simulation value. Similarly to no-load
operation, the flux linking the stator slots induces an hf ripple
in the stator currents, whose spectrum is again characterized by
two additional harmonics, shown in Fig. 17, respectively, at the
frequencies reported in (26).

Finally, the electromagnetic torque and rotor speed are shown
in Figs. 18 and 19, showing the same effects as at no load.

In particular, in Fig. 18, one can easily see the effect of sat-
uration that causes a ripple in the motor torque and oscillations
in the speed due to the third harmonic air-gap flux component.
Fig. 19 shows the effects of the additional hf signal that creates
an hf ripple in the torque value but that has almost no effect on
the motor speed because of the rotor inertia.
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Fig. 16. Spectrum of the hf ripple in the magnetizing flux at full load.

Fig. 17. Spectrum of the stator phase a current with injection at full load.

Fig. 18. Electromagnetic torque and rotor speed without hf injection at full
load.

V. EXPERIMENTAL RESULTS

Experimental measurements were also performed to verify
the simulation model. Using the same IM modeled in Section IV,
the signal in (20) is added to the normal inverter source.

Fig. 19. Electromagnetic torque and rotor speed with hf injection at full load.

Fig. 20. Phase a stator current and rotor speed at no load (experimental result):
time (200 ms/div), current (2A/div), speed [50 (r/min)/div].

Fig. 21. Spectrum of phase a stator current hf ripple at no load: frequency
(20 Hz/div), amplitude (25 mA/div).

Fig. 20 shows how the phase a stator current and the rotor
speed vary at no load when the reference speed changes from
zero to ωr = 15.71 rad/s, while Fig. 21 shows the phase a stator
current spectrum at steady state. Analyzing Figs. 13 and 20, one
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Fig. 22. Phase a stator current at full load: time (20 ms/div), current (1.5A/div).

Fig. 23. Spectrum of phase a stator current hf ripple at full load: frequency
(20 Hz/div), amplitude (25 mA/div).

can observe the same dynamic response of the analytical model
and the experimental system. Obviously, the hf added signal
does not modify the dynamic response of the system.

It can be easily seen that the rotor speed is not affected by any
hf ripple due to the signal injected but only by a third harmonic
ripple due to saturation. On the contrary, the phase a stator
current contains the two additional harmonics shown in Fig. 21
and predicted in (26).

Figs. 22 and 23 show the phase a stator current and its hf
ripple spectrum at full load.

VI. CONCLUSION

A new model for an induction motor, able to take into account
the effects due to the interaction of saturation and additional hf
fields, has been described in this paper. This improved d–q
model is derived from the two models described in [6] and [10],
and is based on the fact that saturation introduces both a third
harmonic component and a decreasing amplitude of the fun-
damental component of the magnetizing flux. Therefore, it is
necessary to introduce both a saturation factor and a third har-
monic of the air-gap flux that is derived from the fundamental
component that induces third harmonic currents in the rotor cir-

cuit. The resulting model is able to describe one of the main
effects of signal injection that can be summarized in the modu-
lation of the saturation level.

Simulation tests using an additional magnetic field pulsating
at ωosc and rotating at ωrot have been performed. Apart from
the creation of harmonics that contain information about the
position of the flux, modulation of the machine saturation level
introduces a ripple in the stator currents and in the motor torque
depending on the angular frequency of the injected signal, but
shows no effects on the rotor speed.
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