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Abstract
This work proposes a model for induction machines in natural coordinates “abc”, developed considering
the nonlinear characteristics of saturation. Traditionally, the models for the induction machine including
this effect make use of linear transformations. However, the nonlinearity of saturation does not allow
the use of these transformations, giving invalid results. Flux linkage in each phase leads to the saturation coefficient and this to the magnetic permeance. Hence, the saturation coefficient produces a new
inductance in natural coordinates that considers the nonlinearity of saturation. The machine behavior is
computed using a state variable model in natural coordinates described in the space vector frame. The
results obtained by the proposed model give a better harmonic representation than the “dq0”models obtained by neglecting the magnetic hysteresis effect. A comparison between the proposed representation
and the traditional one shows the advantages of the former.

Introduction
Asymmetric converters used recently as main power supply for induction machines have been explored in
[1, 2]. These power stages inject large amounts of zero sequence component in current and voltage. Any
unbalance in the converter’s operation will result in saturation of the magnetic core, affecting the stator
current waveform shape. This call for the use of models that take into account the saturation effect. The
approach commonly employed in the existing literature [3, 4, 5] assumes a linear behavior, since they
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employ different linear transformations, such as Clarke, Park, space vectors, symmetric components,
etc. [6, 7]. These methods give a proper representation of the magnetic path for the corresponding
transformed current. However, the real values of the current in natural coordinates cannot be directly
obtained because the saturation is a localized in space phenomena affecting the relationship between the
original currents (in “abc” coordinates) and the transformed currents.
This work proposes using a strategy similar to the one employed in the saturation analysis of synchronous
machines [8, 9]. This method employs the permeance variations using the nonlinear relation between the
electromotive force and the excitation current (no load test). This results in a saturation coefficient,
obtained by dividing the nonlinear excitation current and its air-gap linear projection. Synchronous
machines need compensating only the direct axis reactance, because the quadrature axis has a large airgap and the saturation is not reached in that axis. This is not the case for the induction machine, because
in general the air-gap is almost constant when neglecting the slot effects.
Since the flux linkage relation with electromotive force is linear, this is straightforward to get a model
with these state variables. This representation allows defining the space vector for the flux linkage (since
the model is linear in flux and current). The relationship between the flux linkages and currents in real
machines is nonlinear, but a proper correction in the inductances compensates for the saturation effect.
This correction in the inductances is done in each winding considering the flux linkage magnitude across
each winding. This produces a model of the machine in original “abc” coordinates, where the inductance
matrix contains the correction terms between the different winding (stator and rotor). The resulting inductance matrix is not symmetrical neither circulant [10], the decoupling (diagonalization) of the matrix
cannot be attained using modal analysis with the traditional symmetric component transformation.
In this work the proposed model is compared with the space vector based models in “dq0” coordinates
system and with results from experimental tests. The stator currents obtained with the proposed model
show a closer behavior to the ones from the practical tests.

Induction Machine Model Considering Saturation
The linear model for the induction machine, shown in figure 1, assuming sinusoidal magnetomotive force
distribution in the airgap and neglecting slots effects and hysteresis, can be expressed as:
[v] = [R] [i]+p[λ]=[R] [i]+p[[L (θ)] [i]] ; p= dtd
~s ×~is − Tm = J θ̈ + ρ θ̇
Te − Tm = λ
where,
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Figure 1: Induction Machine in “abc” coordinates frame

and Rs , Rr are the stator and rotor resistances. Lσs , Lσr are the leakage inductances. Lms , Lmr represent
the magnetization inductances and Lsr is the mutual inductance between stator and rotor windings. J is
the mechanical inertia, ρ is the rotating friction, Tm is the mechanical torque and θ is the angular rotor
position referred to phase “a”in the stator coordinates frame. Expression 1 provides the flux linkage
in each winding, by integrating p [λ]. Once, the flux linkage [λ] is obtained in all the stator and rotor
windings, it is possible to calculate the saturation coefficient for each inductance in [L (θ)] using the no
load saturation test. Figure 2 shows the no load saturation test for an induction machine.

(a) No load saturation characteristic

(b) No load saturation characteristic for the simulations

Figure 2: No load saturation test

Using the saturation curve shown in figure 2, the saturation coefficient can be obtained by dividing the
no load current (required considering saturation) by the current in the linear case,
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io (saturated)
io (linear)

(8)

As the flux leakage in any winding is different, there is a saturation coefficient for each one. The saturation coefficient affects only the magnetization inductances, the leakage inductances Lσs , Lσr close
their flux path throughout the air and their saturation is in practice negligible. Computing the mutual
inductance between two different windings requires a special consideration. In this case the flux goes
through two different paths, with its corresponding saturation coefficients. The mean value is a possible
approximation, assuming the same flux paths for each winding,
sx + sy
(9)
2
When the saturation coefficients sas , sbs , scs , sar , sbr and scr are obtained in the inductance matrix in (1)
the inductances can be recalculated as,
Sxy =
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Simulation results
Three different simulation of the induction machine were developed in this work, a linear model (without
saturation effect), the space vector model proposed by Tang [5] and the natural coordinates “abc” model
corrected using the saturation coefficient proposed in this work. The linear model uses the airgap line
shown in figure 2(a) in order to represent the magnetization characteristic, Tan’s saturation model and the
proposed method in this work. Figure 3 shows the simulation results (electric torque, angular speed and
steady state currents) for the machine model without the saturation effect (linear model). Figure 4 shows
the same results obtained taking into account the saturation characteristics shown in Fig. 2(b) using the
Tang’s saturation model [5]. In figure 5 are shown the results obtained considering the proposed method.
In Table I the linear model parameters used in the simulations and in the no load characteristic shown in
figure 2(b) are presented. The no load characteristic is obtained by,

im sat

=

−1
−1
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(λ − ΨT ) tan (τT (λ − ΨT )) − ΨT tan (τT ΨT ) + · · ·
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where,

MF =

ΘT Lm0
1
; τT =
; MI =
Lmsat
ΨT Lm sat
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Figures 3 and 4 shown a very similar behavior. Tang’s model including saturation and the linear model
has no effect in harmonic currents, dynamic performance or electric torque. There is only a small (≈25%)
magnitude difference in the steady state currents, being the Tang’s currents bigger than the obtained for
the linear model. Nevertheless when the saturation coefficient in natural “abc” coordinates system is
used to adjust the inductance according to the phase flux, a different dynamic and steady state performance is obtained as is shown in figure 5. The proposed model has similar magnitude for the currents
than in Tang’s model but it clearly includes the harmonic effect produced by the magnetic saturation
characteristic.
Table I: Linear model parameters in per unit

Rs
0.0324

Rr
0.066

Lσs
0.2

Lσr
0.2

Lm
2.0

J = 2Hωs
150.8

kp
1.0

Vrms
1.0

f
60 Hz

Lm0
2.05

Lm sat
0.23

(a) Electric torque

(b) Angular speed

(c) Starting currents

(d) Steady state currents

ΨT
1.8

ΘT
1.0

Figure 3: Results obtained with a lineal model (no saturation effect)

Experimental Results
A wound rotor induction machine was experimentally tested at 110% of its rated voltage. The rated
values of this machine are shown in Table II. The per unit parameters for the induction machine used in
the experimental tests are shown in Table III. The experimental results presented in figure 6(a) show a
similar harmonic content to the simulated ones presented in figure 6(b). The experimental and simulated
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(a) Electric torque

(b) Angular speed

(c) Starting currents

(d) Steady state currents

Figure 4: Results obtained with Tang’s model (saturated)

saturation characteristics are shown in Fig. 6(c). Considering that hysteresis in the magnetic path is
not simulated, a close behaviour between the simulated and experimental results is obtained with the
proposed model.
Table II: IM rated values.

Vn
240/416V (∆ −Y )

In
16/9.2 A

Pn
4 kW

cos φn
0.8

fn
60 Hz

nn
1710 rpm

Table III: Linear parameters in per unit for the experimental IM.

Rs
0.0327

Rr
0.066

Rm
11

Xm
1.2

Xσs
0.0687

Xσr
0.0772

Conclusions
The reported models for operation under saturation of the induction machine use linear transformations
that cannot be applied in nonlinear systems. A model that takes into acount the nonlinear saturation
characteristic was presented and a comparison between the traditional and proposed methods shows the
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(a) Electric torque

(b) Angular speed

(c) Starting currents

(d) Steady state currents

Figure 5: Results obtained with proposed model (saturated)

advantages of considering the nonlinear effects in the inductance values.
The proposed method uses a permeance correction through a saturation coefficient for each magnetic path
in natural coordinates “abc”. The results obtained with the proposed method show a more accurate stator
current simulation under saturated operation. Experimental results are closer to the proposed method,
and produce a better representation of stator currents.
The next step will be to verify the reported results using finite element methods because experimental
results include the magnetic hysteresis phenomena and Eddy currents which introduce additional loading,
shadowing the saturation effect.
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(b) Simulated steady state currents

(c) Experimental saturation characteristic
Figure 6: Comparisson between experimental and simulated steady state currents using the proposed model
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