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Abstract: Accurate knowledge of the magnitude and position of the magnetic flux is essential for
implementing field-oriented control (FOC) and achieving high-performance behaviour of AC drives.
For estimating the flux in a wide range of speeds, so-called hybrid flux estimators, which are a
combination of current-model and voltage-model based estimators, are usually used. Since the
inductances are used as parameters in the current model, knowledge of the actual flux–current
relationship, i.e., of the actual flux linkage map, is inevitable. In this paper, a novel experimental
method for identifying the flux linkage map of an electrically excited synchronous machine (EESM)
with double stator winding is proposed, which, unlike most existing experimental methods, does not
require an additional machine to be used as a load. The flux is determined for different operating
points to which the unloaded and sped-up machine is brought to by injecting d- and q-axis stator
current components, whereby the current controllers are used to keep them constant for a certain
operating point. The proposed method has been used to identify the flux linkage map of a medium-
voltage EESM with double stator winding. A more than acceptable accuracy confirmed by comparison
with three different analytical methods, together with the fact that it does not require a complex
experimental setup, makes the proposed method suitable for the identification of a machine’s flux
linkage map in an industrial environment.

Keywords: medium-voltage drive; electrically excited synchronous machine; double stator winding;
flux linkage map identification

1. Introduction

Electrically excited synchronous machines (EESMs) are mainly associated with power
generation. However, due to numerous advantages over other types of machines such
as high efficiency in a wide range of speeds, high power density and reactive power
control capability, EESM are being increasingly used in variable speed drives for high-
power application such as in rolling mills, mine hoists, pumps, compressors and ship
propulsion [1–3]. At the same time, high-performance dynamic behavior of an EESM can
be achieved by applying the so-called field-oriented control (FOC) principle. The FOC
of an EESM is based on representing the space vector of the stator current in a rotating
reference frame whose real axis is aligned with the space vector of the magnetizing (air gap)
flux. In such a reference frame, the space vector of the stator current can be decomposed
into a flux-producing and torque-producing component, thus allowing decoupled control
of the machine’s flux and torque. In addition, the existence of the field winding or, more
precisely, the possibility of controlling the field current allows the design of control schemes
for achieving unity power factor operation, thus minimizing both machine and inverter
sizing and losses [4,5].
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The implementation of the FOC requires knowledge of both the magnitude and posi-
tion of the space vector of the magnetic flux used for orientation, hence accurate estimation
of the flux is essential for achieving high-performance control. However, flux estimation is
not an easy task since it requires knowledge of machine’s equivalent circuit parameters,
especially the inductances which can vary significantly depending on the operating point
of the machine [6]. Although there are many different methods for estimating the flux,
in essence the flux can be determined in two ways [7]. The first approach is to estimate
the flux based on the measured currents and the known flux–current relationship, i.e., the
so-called current model of the machine. The other approach is to estimate the flux based
on the so-called voltage model of the machine, i.e., by integrating the back electromotive
force (EMF) that can be calculated using the measured (or reconstructed) voltage and
measured currents. Unfortunately, although they do not require much computational effort,
which makes them very easy for practical implementation, both the current model- and the
voltage model-based flux estimation method have some limitations in certain operating
regions.

Since the flux and the current are linked via the inductances, the fact that inductance
values may vary with the operating point (or more precisely with the load) is a major
problem for flux estimation based on the machine’s current model [8,9]. Moreover, due to
the influence of magnetic saturation and cross-coupling phenomena, the dependency of the
inductance values on the currents becomes highly nonlinear [10–12]. Therefore, in order to
accurately estimate the flux, it is necessary to know the functional dependence between the
inductances and currents. Basically, the machine’s inductances can be determined using
finite element method (FEM) simulations [6,13–15] or experimentally [6]. However, these
methods are not easy to conduct. For example, if the inductances are determined using FEM
simulation, it is necessary to know the exact geometry, i.e., the construction of the machine.
If, on the other hand, the inductances are determined experimentally, the machine on which
the measurement is performed has to be loaded, and the measurement itself needs to be
performed several times in order to cover the desired range of the magnetizing current
values. This is, of course, difficult to do outside the laboratory environment, especially
for high-power machines because it would require another machine of at least the same
amount of power to act as a load.

Although the voltage model-based flux estimation is much less sensitive to parameter
variation due to the fact that it requires only the knowledge of the stator resistance (and
possibly the stator leakage inductance), it has two main drawbacks [16]. The first problem
regarding the voltage model-based estimation stems from the fact that the integrator is
prone to drift in case of DC components in the measured signals which can lead to the
saturation of the integrator [17] or even to occurrence of torque and speed oscillations, as
reported in [18]. The other problem is the inability of accurately calculating the back EMF
at low speeds where, due to the low stator voltage, inverter nonlinearities come to fore [18],
as well as the influence of resistance variations [19] which become even more prominent if
the machine draws high current while operating at low speed.

In order to overcome the drawbacks of conventional flux estimation techniques, a
multitude of hybrid method has been proposed in which various combinations of current
and voltage models seek to estimate the flux as accurately as possible over the entire speed
range, [5,20–23]. However, knowledge of the actual relationship between the flux and
the currents, i.e., of the actual flux linkage map, remains a major obstacle for accurate
flux estimation. To accurately determine the flux linkage map of a machine, several
experimental methods have been proposed, among which the constant speed [24,25],
variable speed [26,27] and signal injection [28,29] methods should be highlighted.

In both constant and variable speed methods, the direct (d) and quadrature (q) axis
stator current components are injected into the machine and kept constant, resulting in a
constant flux which is then calculated from the steady-state stator voltage equations based
on the known speed and the current and voltage measurements. In order to obtain the
complete flux linkage map, the calculation of the flux is completed for different combina-
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tions of stator current component values, i.e., for different operating points of the machine.
Although the problem related to the presence of higher harmonics in the measured signals
can be successfully solved (e.g., by applying the Fast Fourier Transform as done in [25]),
eliminating the influence of possible resistance variations on calculation of the flux is not
trivial. In [24], the authors manage to eliminate the influence of the resistance by calculating
the flux as the mean of the flux obtained in the motoring and generating mode. However,
the described approach is, as pointed out by the authors, possible only if the other losses
in the machine (e.g., iron losses) are negligible. This can, however, be achieved by an
appropriate choice of the machine’s speed. The main drawback of most constant and
variable speed methods is the complexity of the experimental setup required to perform
them or, more precisely, the need for an additional machine. In [26], a flux linkage map
identification method has been proposed that does not require an additional machine to be
used as a load. Like in other constant or variable speed methods, the identification of the
flux linkage map is done by injecting the d- and q-axis stator current components into the
machine, whereas an approach similar to the one proposed in [24] was used to eliminate the
influence of the resistance on the flux calculation. The influence of resistance and the prob-
lem of reconstructing the stator voltage due to the nonlinearities of the inverter have been
successfully overcome in [27] where for each operating point two sets of measurements
have been performed at constant values of the stator current components and variable
speed. Based on these two sets of measurements, voltage equations have been written,
and then the influence of the resistance and inverter nonlinearities has been eliminated
by algebraic manipulations and the application of an optimization algorithm. Although
the proposed method proved to be very effective in determining the flux linkage map,
the variable speed was achieved by using an additional machine. In [29], a method has
been proposed according to which, under locked rotor, the current in one of the two axes
(either d- or q-axis) is kept constant while the other axis is excited by voltage pulses. Unlike
aforementioned methods in which the flux is calculated based on algebraic expressions, in
this method the flux is obtained by directly integrating the voltage which makes it very
sensitive to the occurrence of DC offsets. In [28] a method for the identification of the flux
linkage map was proposed which is also based on injecting d- and q-axis stator current
components into the machine, but, unlike other methods, these injected currents do not
only contain a DC component but also a low-frequency AC component. The change in
the saturation level, i.e., the change of machine’s operating point, is achieved by changing
the value of the DC component of the injected currents, whereas the presence of the AC
component causes the appearance of an AC component in the voltages. Based on the AC
current and voltage components, the equivalent impedance of the machine is calculated,
as well as the incremental inductances. The flux linkage map of the machine is finally
obtained by integrating the calculated incremental inductances.

Although previously described experimental methods ensure accurate identification
of the machine’s flux linkage map, performing them requires a rather complex experimental
setup which, in most cases, is not available in an industrial environment. On the other hand,
performing FEM simulations, as said, requires knowledge of the detailed construction of
the machine. Hence, due to the limitations in wider application of FEM simulations and
previously described experimental methods, analytical methods [7,8,30–32] are usually
used to determine the flux linkage map of a machine. However, these analytical methods
can be treated as approximate methods since the calculation of the entire flux linkage map
is based only on the magnetization curves in the d- and q-axis. Therefore, their accuracy in
the whole operating region of the machine is questionable.

This paper presents a novel experimental method for the identification of the flux
linkage map of a high-power medium-voltage EESM with double stator winding. The
method proposed in this paper does not require the existence of an additional machine to
be used as a load, which makes it suitable for determining the EESM’s flux linkage map
in an industrial environment, e.g., during drive commissioning. The proposed method
can be summarized as follows. The machine is first accelerated to the nominal speed after
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which the d- and q-axis stator currents are injected. Meanwhile, the field current is set
to zero in order to minimize the developed torque of the machine, and thus the change
of speed during the identification process. Finally, the flux is calculated based on the
fundamental components of the stator currents and voltages obtained by applying the
Fourier series analysis to the currents and voltages measured at the machine terminals.
The proposed method was experimentally verified on a 14 MW EESM drive. Due to the
impossibility of conducting other experimental methods and making a detailed model
of the machine required to perform FEM simulations, the proposed method is compared
with three commonly used analytical methods [7,31,32] for determining the machine’s flux
linkage map.

The rest of the paper is organized as follows. In Section 2, the mathematical model of
an EESM with double stator winding is given. Section 3 briefly describes three analytical
methods for determining the flux linkage map based on magnetization curves, as these
methods are commonly found in the existing literature. The novel experimental method
for flux linkage map identification is described in Section 4, and the experimental results,
as well as a comparison of the proposed experimental method with existing analytical ones,
are given in Section 5. Finally, concluding remarks are given in Section 6.

2. Mathematical Model of an EESM with Double Stator Winding

As stated in the introduction, the components of the magnetic flux can be easily
calculated from the stator voltage equation in the dq reference frame under the assumption
of a constant flux. The equivalent circuits for the d- and q-axis of an EESM with double
stator winding are shown in Figure 1 [33], where the meaning of each parameter is given in
the description of the figure.
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Figure 1. Ref. [33] Equivalent circuits for the d- and q-axis of an EESM with double stator winding: 
(a) d-axis equivalent circuit; (b) q-axis equivalent circuit. The parameters of the equivalent circuits 
are as follows:  is stator resistance,  and  are the d- and q-axis damper winding re-
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Figure 1. Ref. [33] Equivalent circuits for the d- and q-axis of an EESM with double stator winding:
(a) d-axis equivalent circuit; (b) q-axis equivalent circuit. The parameters of the equivalent circuits are
as follows: Rs is stator resistance, RD and RQ are the d- and q-axis damper winding resistances, R f
is the field resistance, Lls1 and Lls2 are the stator leakage inductances, Lkd is the Canay inductance,
Lls1_2 is the mutual leakage inductance between stator windings, Lmd and Lmq are the d- and q-axis
magnetizing inductances, LlsD and LlsQ are the d- and q-axis damper winding leakage inductances,
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Ll f is the field winding leakage inductance, usd and usq are the d- and q-axis stator voltage compo-
nents, isd and isq are the d- and q-axis stator current components, ψsd and ψsq are the d- and q-axis
stator flux components, and ω is the electrical speed.

Since we shall consider a machine in which there is no phase shift between the stator
windings (YY0 connection), it is possible to assume the following equalities:

usd1 = usd2 = usd,
usq1 = usq2 = usq,
Lls1_2 = 0,
Lls1 = Lls2 = Lls,
Lkd = 0.

(1)

It follows from Equation (1) that the equivalent circuits shown in Figure 1 can be
simplified, which, in the case of the considered EESM with double star-connected stator
winding, results in the equivalence circuits shown in Figure 2.
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Figure 2. Equivalent circuits for the d- and q-axis of the considered EESM with double star-connected
stator winding: (a) d-axis equivalent circuit; (b) q-axis equivalent circuit.

By comparing Figures 1 and 2, one can conclude that the considered machine with
double stator winding can be reduced to an equivalent standard machine with a single
stator winding. Based on the simplified equivalent circuits shown in Figure 2, the voltage
equations of the EESM with double stator winding can be written as:

usd = Rs
2 isd +

dψsd
dt −ωψsq,

usq = Rs
2 isq +

dψsq
dt + ωψsd,

0 = RDiD + dψD
dt ,

0 = RQiQ +
dψQ
dt ,

u f = R f i f +
dψ f
dt ,

(2)

with the flux–current relationships being:
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ψsd = Lls
2 isd + Lmd

(
imd, imq

)(
isd + iD + i f

)
= Lls

2 isd + Lmd
(
imd, imq

)
imd,

ψsq = Lls
2 isq + Lmq

(
imd, imq

)(
isq + iQ

)
= Lls

2 isq + Lmq
(
imd, imq

)
imq,

ψD = LlDiD + Lmd
(
imd, imq

)
imd,

ψQ = LlQiQ + Lmq
(
imd, imq

)
imq,

ψ f = Ll f i f + Lmd
(
imd, imq

)
imd,

(3)

where imd and imq are the d- and q-axis magnetizing current components, respectively. From
Equation (3) it can be seen that the magnetizing inductances Lmd and Lmq are nonlinearly
dependent on the magnetizing currents due to the saturation and cross-saturation effect.
Therefore, the following expression can be written for the magnetizing inductances:

ψmd
(
imd, imq

)
= Lmd

(
imd, imq

)
imd = ψsd

(
imd, imq

)
− Lls

2 isd,
ψmq

(
imd, imq

)
= Lmq

(
imd, imq

)
imq = ψsq

(
imd, imq

)
− Lls

2 isq.
(4)

If the flux is assumed to be constant, the time derivatives of its components vanish from
the stator voltage Equation (2), hence the magnetizing flux components can be calculated
based on the following algebraic equations:

ψmd =
usq−(Rs/2)isq

ω − Lls
2 isd,

ψmq = usd−(Rs/2)isd
−ω − Lls

2 isq.
(5)

3. Analytical Methods for Determining the Flux Linkage Map

In this section, three analytical methods for determining the machine’s flux linkage
map based on the measured magnetization curves in the d- and q-axis are briefly described.

3.1. Method 1 (Levi)

The analytical method proposed by Levi in [31] allows the determination of the
magnetizing inductance surfaces by knowing only the magnetization curve in the d-axis.
In this method, a constant saliency factor defined as:

m =

√
Lmq_uns

Lmd_uns
=

√
Lmq

Lmd
= constant, (6)

is assumed where Lmd_uns and Lmq_uns are the unsaturated and Lmd and Lmq are the saturated
values of the magnetizing inductances. The d- and q-axis component of the magnetizing
flux can be determined according to:

ψmd = Lmdimd = Lm(im)imd,
ψmq = Lmqimq = m2Lm(im)imq,

(7)

where Lm and im are the magnetizing inductance and magnetizing current of an equivalent
isotropic machine. The magnetizing inductance of the equivalent isotropic machine is
determined based on the d-axis magnetization curve:

Lm(|im|) = Lmd(imd, 0) = Lmd(imd), (8)

whereas the magnetizing current and the magnetizing flux are defined as:

im = imd + jmimq,
ψm = ψmd + jψmq/m.

(9)

Figure 3 shows the space vectors of the magnetizing current and magnetizing flux
(and their components) of an anisotropic and of an equivalent isotropic machine. One
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can notice that in an isotropic machine the space vectors of the magnetizing current and
magnetizing flux are aligned.
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3.2. Method 2 (Kaukonen)

In [7], Kaukonen proposed a method for the identification of the flux linkage map
based on the so-called saliency-offset approach. Unlike the previously described method,
this method requires knowledge of the magnetization curve in both the d- and q-axis. If the
magnetization curves are defined as:

Lmd(imd) = Lmd(imd, 0),
Lmq(imq) = Lmq(0, imq),

(10)

the inductance surfaces can be determined by using the following expressions:

Lmd(imd, imq) = Lmd(|im|) + Lmd_o f f set
(
∠
(
imd, imq

)
, |im|

)
,

Lmq(imd, imq) = Lmq(|im|) + Lmq_o f f set
(
∠
(
imd, imq

)
, |im|

)
,

(11)

where im is the space vector of the magnetizing current, while ∠
(
imd, imq

)
= α and |im|

represent its modulus and angle, respectively. In expression (11) Lmd(|im|) and Lmq(|im|)
represent the inductance surfaces obtained by projecting the magnetization curves in
the direction of the magnetizing current space vector, whereas Lmd_o f f set and Lmq_o f f set
represent the saliency-offset terms that are added to the obtained surfaces. According to [7],
the saliency-offset terms Lmd_o f f set and Lmq_o f f set are defined as:

Lmd_o f f set =
√

Lmq_uns
Lmd_uns

(
α

π/2

)2
(Lmd_uns − Lmd(im))

Lmq_o f f set =
√

Lmd_uns
Lmq_uns

(
1− α

π/2

)2(
Lmq_uns − Lmq(im)

) (12)

The principle of generating the magnetizing inductance surfaces used in [7] is shown
in Figure 4, in accordance with expression (11) and (12). The author of [7] pointed out that
the accuracy of the obtained inductance surfaces depends significantly on the accuracy
of the saliency-offset. It should be also noted that Figure 4 shows only the principle of
generating inductance surfaces, in other words, the saliency-offset in the q-axis does not
necessarily take only positive values over the entire imd, imq space.
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3.3. Method 3 (El-Serafi & Wu)

In [32] the flux linkage map, i.e., the inductance surfaces, were generated based on the
magnetization curves of both the d- and q-axis. The method is explained in what follows,
with all the relevant expressions, as well as illustrations, adopted from [32].

The method starts from the assumption that the magnetic field B at some point θ in
the air gap can be described with:

B(θ) = k1F(θ)µ(θ)S(θ) (13)

where θ is the angle of the considered point with respect to the d-axis, F(θ) is the mag-
netomotive force (MMF), µ(θ) is the equivalent unsaturated permeability along the air
gap circumference, S(θ) is the MMF dependent saturation factor and k1 is a constant that
depends on the geometry of the machine. The change of the equivalent unsaturated per-
meability µ(θ) along the air gap can be seen from Figure 5, while saturation factor S(θ) is
expressed as a n-th order polynomial:

S(θ) = 1−
n

∑
i=1

ai|F(θ)|i, (14)

where a1, a2, . . . , an are machine dependent coefficients. The proposed model of the
equivalent permeability is, as said, shown in Figure 5. The proposed model assumes that
the equivalent permeability has a value of µ under the pole arc and zero value in the
interpole region.
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Based on Equations (13) and (14), the following expression can be derived:

B(θ) = k1F(θ)µ(θ)

(
1−

n

∑
i=1

ai|F(θ)|i
)

(15)

In this method, a Fourier series analysis was applied to Equation (15) in order to
determine the fundamental components of the magnetizing flux density in the d- and
q-axis. Integrating the obtained fundamental components over one pole pitch results in the
following expressions for the fundamental components of the magnetizing flux in the d-
and q-axis:

ψmd = 2
π

τ/2∫
−τ/2

kF(θ)
(

1−
n
∑

i=1
ai|F(θ)|i

)
cos(θ)dθ,

ψmq = 2
π

τ/2∫
−τ/2

kF(θ)
(

1−
n
∑

i=1
ai|F(θ)|i

)
sin(θ)dθ,

(16)

where k is a machine dependent constant that can be treated as the equivalent unsaturated
permeance of the machine [32]. The saturation factor coefficient a1, a2, . . . , an, as well as the
pole arc width τ and the aforementioned equivalent permeance are not known in advance.
In order to determine these unknown parameters, the no-load magnetization curves in the
d- and q-axis are used. If the current flows only in the d- or q-axis, the following expression
can be obtained:

ψmd = 2k
π

τ/2∫
−τ/2

Id_AT cos(θ)
(

1−
n
∑

i=1
ai|F(θ)|i

)
cos(θ)dθ,

ψmq = 2k
π

τ/2∫
−τ/2

Iq_AT sin(θ)
(

1−
n
∑

i=1
ai|F(θ)|i

)
cos(θ)dθ,

(17)

where Fd(θ) = Id_AT cos(θ) and Fq(θ) = Iq_AT sin(θ) are the MMFs of the d- and q-axis,
respectively. By calculating the integrals in Equation (16), the following expressions for the
d- and q-axis magnetization curves are obtained:

λmd(Imd_AT) = Lmd(Imd_AT)Imd_AT

=
(

c0 + a1·c1·Imd_AT + a2·c2·(Imd_AT)
2 + . . . + an·cn·(Imd_AT)

n
)

Imd_AT

λmq
(

Imq_AT
)
= Lmq

(
Imq_AT

)
Imq_AT

=
(

d0 + a1·d1·Imq_AT + a2·d2·
(

Imq_AT
)2

+ . . . + an·dn·
(

Imq_AT
)n
)

Imq_AT ,

(18)

where the constants c0, c1, . . . , cn and d0, d1, . . . , dn are defined in Appendix A in case
when S(θ) is approximated with a fourth order polynomial. If the machine is unsaturated,
it follows from Equation (17) that the unsaturated magnetizing inductances are:

Lmd_uns = c0 = k
π (τ + sin(τ))

Lmq_uns = d0 = k
π (τ − sin(τ)).

(19)

If Lmd_uns and Lmq_uns are known, the pole arc width and the equivalent permeance
k can be calculated from Equation (18). Furthermore, from Equation (17) the following
system of linear equations can be written:
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Lmd,1 − c0
Lmd,2 − c0

...
Lmd,L − c0
Lmq,1 − d0
Lmq,2 − d0

...
Lmq,M − d0


=



c1(Id_AT,1) c2(Id_AT,1)
2 · · · cn(Id_AT,1)

n

c1(Id_AT,2) c2(Id_AT,2)
2 · · · cn(Id_AT,2)

n

...
...

...
...

c1(Id_AT,L) c2(Id_AT,L)
2 · · · cn(Id_AT,L)

n

d1
(

Iq_AT,1
)

d2
(

Iq_AT,1
)2 · · · dn

(
Iq_AT,1

)n

d1
(

Iq_AT,2
)

d2
(

Iq_AT,2
)2 · · · dn

(
Iq_AT,2

)n

...
...

...
...

d1
(

Iq_AT,M
)

d1
(

Iq_AT,M
)2 · · · dn

(
Iq_AT,M

)n




a1
a2
...

an

, (20)

where (Id_AT,1, Lmd,1), . . . , (Id_AT,L, Lmd,L) and (Iq_AT,1, Lmq,1), . . . , (Iq_AT,M, Lmq,M) are the mea-
sured data points of the no-load magnetization curves in the d- and q-axis. Expression (19)
can be written in a more compact form as:

b = A·x. (21)

The unknown coefficients of the saturation factor can be determined by solving
Equation (20) using the least square method:

x =
[

a1 a2 · · · an
]T

=
(

AT A
)−1

ATb. (22)

If the machine is excited from both the d- and q-axis, it is possible to define the total
MMF as:

Ftotal(θ) = Fd(θ) + Fq(θ)
= Itotal_AT cos(α) cos(θ) + Itotal_AT sin(α) sin(θ)
= Itotal_AT(cos(α− θ)),

(23)

where the modulus and angle of the total MMF are:

Itotal_AT =
√
(Id_AT)

2 +
(

Iq_AT
)2,

α = atan
( Iq_AT

Id_AT

)
.

(24)

Finally, by substituting in Equation (22) into Equation (15), the following expressions
are obtained:

ψmd = 2k
π Itotal_AT

τ/2∫
−τ/2

(
1−

n
∑

i=1
ai|Ftotal(θ)|i

)
(cos(α− θ)) cos(θ)dθ

ψmq = 2k
π Itotal_AT

τ/2∫
−τ/2

(
1−

n
∑

i=1
ai|Ftotal(θ)|i

)
(cos(α− θ)) sin(θ)dθ

(25)

based on which it is possible to calculate the d- and q-axis of the magnetizing flux and thus
generate the magnetizing inductance surfaces, for an arbitrary MMF value.

4. Description of the Proposed Experimental Method

Figure 6a shows the FOC structure used for the EESM drive which has been slightly
modified in order to implement the experimental method. It should be noted that with this
method the shaft of the machine can rotate freely during the flux linkage map identification
process.

When the switch in Figure 6a is in position 1, the control structure acts like a conven-
tional FOC structure used for controlling the speed of the machine. Moving the switch
from position 1 to position 2 disables the outer speed and flux controllers, leaving only
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the inner current control loops, allowing the d- and q-axis stator current components to be
injected into the machine according to a predefined pattern.
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Figure 6. (a) FOC structure of the EESM drive modified in order to implement the proposed experi-
mental method (b) signals of interest during the flux linkage map identification process. (Reference
signals are denoted with the asterisk sign).

The signals of interest during the identification process are shown in Figure 6b. At
the beginning, the switch is in position 1 and the machine accelerates to the nominal speed
ωn. During the acceleration phase, which lasts from t = 0 to t = t2, the control structure acts
as a conventional FOC structure, which is why the value of the field current is not zero.
After the machine reaches its nominal speed at t = t2, the switch is moved from position 1
to position 2, thus starting the injection of the stator current components which lasts until
t = t3. Thereby, the value of the field current is set to zero in order to minimize the developed
torque of the machine and thus the change of the speed. The integration of PI controllers in
the outer control loops is prevented by activating the Reset signal.

After the field current is brought to zero (immediately after t = t2), the injection of the
reference values for the d- and q-axis stator current components begins. Moreover, these
references are injected according to a predefined pattern. An example of an injection pattern
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in which the q-axis current is kept constant and the d-axis current changes stepwise is shown
in Figure 6b. For each operating point, the reference values of the stator current components
are kept constant and the flux is calculated according to expression (5). However, the time
interval of each operating point should be long enough for the stator currents, i.e., the
magnetizing currents, to reach steady-state which results in a constant flux (please recall
that expression (5) can be used only in case of a constant flux).

As shown in Figure 6b, a change in speed occurs during the injection of the stator
current components due to friction and the presence of the machine’s reluctance torque.
The speed of the machine is monitored throughout the current injection phase which
is interrupted if the speed exceeds its defined upper limit (UL) or lower limit (LL). In
Figure 6b, t3 represents the time at which the speed exceeds its defined upper limit, after
which the reference values of the d- and q-axis stator current components are set to zero.
Once the values of these two currents become zero, the switch is at t = t4 moved back to
position 1 while the state of the Reset signal is changed from 1 to 0. From t = t4 to t = t6,
the field current is once again raised and the acceleration of the machine begins. Once
the speed of the machine reaches its nominal value, the switch is at t = t6 moved again
from position 1 to position 2, thus regulating the field current to zero. After that, the stator
current components are again injected into the machine. The described process is repeated
until the flux is determined in all operating points of interest.

The accuracy of the flux linkage map identification depends significantly on the
precise knowledge of the fundamental harmonic of the stator voltages and currents. In
order to avoid any error due to the estimation of the fundamental harmonic, the stator
voltages and current were measured at the machine terminals and their fundamental
harmonic determined using the Discrete Fourier Transform (DFT). Thereby, the voltages
at the terminals were measured with medium-voltage probes, while the currents were
measured using Rogowski current coils. The measuring probes were connected to two
mutually synchronized oscilloscopes.

The utilization of the DFT was chosen because this type of transform is suitable
for processing stationary signals, i.e., signals whose frequency content does not change
over time [34]. However, although the change of the machine’s speed, which leads to
nonstationary voltage and current signals, is inevitable for the proposed method, it can
be ignored under assumption that the change in speed in a time interval corresponding
to the window width of the DFT is negligibly small. Therefore, the window width of the
DFT is chosen to be as small as possible, i.e., it is chosen to be equal to one electrical period.
Since the speed of the machine, and therefore electrical frequency, changes during the
identification process, the window width of the DFT must be exactly determined for each
operating point in order to avoid any error in the determined fundamental component of
the stator voltage and current. To determine the exact window width of the DFT a signal
from an incremental encoder was used.

5. Experimental Verification of the Proposed Method
5.1. Experimental Setup

The experimental method proposed in this paper was used for the on-site identification
of the flux linkage map of a medium-voltage EESM with double stator winding whose
nominal data are given in Table 1. On each of the two stator windings a medium-voltage
three-level neutral point clamped (3L-NPC) inverter is connected, so that EESM is ultimately
powered by two inverters. Both inverters are modulated using space vector modulation
with a switching frequency of 300 Hz and have a common DC link (of 4800 V) which is
powered using two active three-level rectifiers, each powered by a separate secondary
winding of a step-down transformer. The modulation of these two rectifiers is based on a
selective harmonic elimination algorithm. The power part of the medium-voltage drive in
which the proposed experimental method was performed is shown in Figure 7.
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Table 1. Nominal data of the used EESM with double stator windings.

Parameter Value

Nominal voltage 3050 V
Nominal current 2 × 1348 A

Nominal frequency 20 Hz
Nominal speed 200 rpm

Pole pair number 6
Nominal power 14 MW

Nominal field current 805 A
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Figure 8a shows the cabinet of the IGCT based medium-voltage drive, while Figure 8b
shows an IGCT based 3L-NPC unit consisting of a central modulator unit (MOD) and phase
modules where each IGCT module has an integrated gate unit.
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5.2. Experimental Results and Analysis

The proposed experimental method for flux linkage map identification has been
implemented in a digital control system as described in Section 4. The proposed method
was first used to determine the magnetization curve in the d- and q-axis. The d-axis
magnetization curve obtained by using the proposed method and the one obtained by
the standard open-circuit test are compared in Figure 9a. Unlike the open-circuit test
which is based on injecting current into the field winding at a constant speed, in the
method proposed, the speed is not constant and the current is injected only from the stator
side. Good matching of the obtained d-axis magnetization curve with that taken from the
machine’s test report implies the accuracy of the proposed method. In addition to the d-axis
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magnetization curve, the proposed method also allows the determination of the q-axis
magnetization curve, which is shown in Figure 9b.
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Figure 9. (a) comparison of obtained d-axis magnetization curve with that from a test report; (b) ob-
tained q-axis magnetization curve.

The comparison between the results obtained using the proposed method and the re-
sults obtained using analytical methods described in Section 3 in shown in Figures 10 and 11,
where the results obtained by the proposed method are represented with dots and the
results obtained by analytical methods are represented with surfaces. Figure 10 refers to
the d-axis magnetizing inductance, whereas Figure 11 refers to the q-axis magnetizing in-
ductance. Thereby, the three Figure 11a–c are representing the comparison, while the three
Figure 11d–f are representing the deviation between the results obtained by the proposed
method and those obtained by using analytical methods. The comparison of the proposed
method with the existing analytical methods is given in Tables A1 and A2, which can be
found in Appendix B.

Machines 2022, 10, x FOR PEER REVIEW 15 of 23 
 

 

The comparison between the results obtained using the proposed method and the 
results obtained using analytical methods described in Section 3 in shown in Figures 10 
and 11, where the results obtained by the proposed method are represented with dots and 
the results obtained by analytical methods are represented with surfaces. Figure 10 refers 
to the d-axis magnetizing inductance, whereas Figure 11 refers to the q-axis magnetizing 
inductance. Thereby, the three Figures 11a–c are representing the comparison, while the 
three Figures 11d–f are representing the deviation between the results obtained by the 
proposed method and those obtained by using analytical methods. The comparison of the 
proposed method with the existing analytical methods is given in Tables A1 and A2, 
which can be found in Appendix B. 

Method 1 Method 2 Method 3 

   

(a) (b) (c) 

   
(d) (e) (f) 

Figure 10. Comparison between the obtained experimental and analytical results with correspond-
ing deviations for the d-axis magnetizing inductance: (a,d) Method 1 (Levi); (b,e) Method 2 (Kauko-
nen); (c,f) Method 3 (El-Serafi & Wu). 

Method 1 Method 2 Method 3 

   

(a) (b) (c) 

Figure 10. Comparison between the obtained experimental and analytical results with corresponding
deviations for the d-axis magnetizing inductance: (a,d) Method 1 (Levi); (b,e) Method 2 (Kaukonen);
(c,f) Method 3 (El-Serafi & Wu).



Machines 2022, 10, 187 15 of 21

Machines 2022, 10, x FOR PEER REVIEW 15 of 23 
 

 

The comparison between the results obtained using the proposed method and the 
results obtained using analytical methods described in Section 3 in shown in Figures 10 
and 11, where the results obtained by the proposed method are represented with dots and 
the results obtained by analytical methods are represented with surfaces. Figure 10 refers 
to the d-axis magnetizing inductance, whereas Figure 11 refers to the q-axis magnetizing 
inductance. Thereby, the three Figures 11a–c are representing the comparison, while the 
three Figures 11d–f are representing the deviation between the results obtained by the 
proposed method and those obtained by using analytical methods. The comparison of the 
proposed method with the existing analytical methods is given in Tables A1 and A2, 
which can be found in Appendix B. 

Method 1 Method 2 Method 3 

   

(a) (b) (c) 

   
(d) (e) (f) 

Figure 10. Comparison between the obtained experimental and analytical results with correspond-
ing deviations for the d-axis magnetizing inductance: (a,d) Method 1 (Levi); (b,e) Method 2 (Kauko-
nen); (c,f) Method 3 (El-Serafi & Wu). 

Method 1 Method 2 Method 3 

   

(a) (b) (c) 

Machines 2022, 10, x FOR PEER REVIEW 16 of 23 
 

 

   
(d) (e) (f) 

Figure 11. Comparison between the obtained experimental and analytical results with correspond-
ing deviations for the q-axis magnetizing inductance: (a,d) Method 1 (Levi); (b,e) Method 2 (Kauko-
nen); (c,f) Method 3 (El-Serafi & Wu). 

The deviation between the results obtained by using the proposed experimental 
method and the results obtained by using analytical methods has been calculated for each 
measured point. Thereby, the expression according to which the deviation of the results 
for the d-axis are calculated is: 

[ ] ( ) ( )
( )

, , , , , ,
,

, , ,

, ,
Deviation % 100%,

,
md analytical md k mq k md experimental md k mq k

d k
md experimental md k mq k

L i i L i i

L i i

−
= ×  (25)

where (imd,k, imq,k) represents the k-th measured data point. Analogously, the deviation of 
the results for the q-axis was calculated according to: 

[ ] ( ) ( )
( )

, , , , , ,
,

, , ,

, ,
Deviation % 100%.

,
mq analytical md k mq k mq experimental md k mq k

q k
mq experimental md k mq k

L i i L i i

L i i

−
= ×  (26) 

The rate showing how well an analytical method describes the experimentally ob-
tained results is based on the L2 norm: 

2 2
,1 ,22

2 2
,1 ,22

Deviation Deviation Deviation ...,

Deviation Deviation Deviation ....

d d d

q q q

= + +

= + +
 (27) 

The calculated values of the L2 norms are given in Table 2 for both magnetizing in-
ductance and for all three analytical methods. It can be seen that the results obtained by 
Method 1 best match the results obtained by the proposed experimental method when it 
comes to determining the d-axis magnetizing inductance. On the other hand, when it 
comes to determining the q-axis magnetizing inductance, it can be seen that the results 
obtained by Method 3 better match the experimental obtained results than the other two 
analytical methods.  

Table 2. Calculated L2 norms for the deviations between the experimentally and analytically ob-
tained results. 

 Method 1 Method 2 Method 3 
 11.9 23.3 19.2 
 31.1 46.8 17.4 

Furthermore, a potential problem related to the change of the input frequency has 
been also analyzed. It has been concluded that the change in electrical frequency can be 
neglected for all operating points. This analysis was performed by numerical calculation 
of the speed derivatives for all operating points. For example, the biggest impact on the 

Figure 11. Comparison between the obtained experimental and analytical results with corresponding
deviations for the q-axis magnetizing inductance: (a,d) Method 1 (Levi); (b,e) Method 2 (Kaukonen);
(c,f) Method 3 (El-Serafi & Wu).

The deviation between the results obtained by using the proposed experimental
method and the results obtained by using analytical methods has been calculated for each
measured point. Thereby, the expression according to which the deviation of the results for
the d-axis are calculated is:

Deviationd,k[%] =
Lmd,analytical

(
imd,k, imq,k

)
− Lmd,experimental

(
imd,k, imq,k

)
Lmd,experimental

(
imd,k, imq,k

) × 100%, (26)

where (imd,k, imq,k) represents the k-th measured data point. Analogously, the deviation of
the results for the q-axis was calculated according to:

Deviationq,k[%] =
Lmq,analytical

(
imd,k, imq,k

)
− Lmq,experimental

(
imd,k, imq,k

)
Lmq,experimental

(
imd,k, imq,k

) × 100%. (27)

The rate showing how well an analytical method describes the experimentally obtained
results is based on the L2 norm:

|Deviationd|2 =
√

Deviation2
d,1 + Deviation2

d,2 + . . .,∣∣Deviationq
∣∣
2 =

√
Deviation2

q,1 + Deviation2
q,2 + . . ..

(28)

The calculated values of the L2 norms are given in Table 2 for both magnetizing
inductance and for all three analytical methods. It can be seen that the results obtained
by Method 1 best match the results obtained by the proposed experimental method when
it comes to determining the d-axis magnetizing inductance. On the other hand, when it
comes to determining the q-axis magnetizing inductance, it can be seen that the results
obtained by Method 3 better match the experimental obtained results than the other two
analytical methods.
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Table 2. Calculated L2 norms for the deviations between the experimentally and analytically obtained
results.

Method 1 Method 2 Method 3

Lmd 11.9 23.3 19.2

Lmq 31.1 46.8 17.4

Furthermore, a potential problem related to the change of the input frequency has
been also analyzed. It has been concluded that the change in electrical frequency can be
neglected for all operating points. This analysis was performed by numerical calculation
of the speed derivatives for all operating points. For example, the biggest impact on the
accuracy of the proposed experimental method was recorded for the operating point at
which the values of the magnetizing currents were imd = 2312 A and imq = 2968 A, at 110%
of the nominal speed. At this operating point, the time derivative of the electrical frequency
was:

dfel.
dt

= 2.3
[

Hz
s

]
(29)

At 110% of the nominal speed, the electrical frequency is 22 Hz, which means that one
electrical period is Tel = 1/22 = 0.0455 s. Hence, the change of frequency in one interval of
the DFT window is:

∆fel. =
dfel.
dt

∆t = 2.3·0.0455 = 0.105 Hz, (30)

which in percentages equals to:

∆fel.[%] =
0.105

22
× 100% = 0.48%, (31)

Since the proposed method was used for the identification of the flux linkage map of
a high-power machine, considering the influence of the stator resistance change during
the calculation of the flux was not necessary as it was assumed, because of the size of
the machine, that the voltage drop on the stator resistance is negligible compared to the
induced back EMF. However, in order to confirm this assumption, a percentage change in
the inductance due to the increase in the stator resistance value was calculated based on
the following expressions:

∆Lmd[%] =
Lmd,Rs−Lmd,1.5×Rs

Lmd,Rs
× 100%,

∆Lmq[%] =
Lmq,Rs−Lmq,1.5×Rs

Lmq,Rs
× 100%.

(32)

Figure 12 shows the percentage change in the value of the magnetizing inductances in
case of a resistance increase of 50% with respect to its nominal value. As can be seen from
Figure 12, almost all of the percentage changes are less than 1% (with 1.11% being the only
change above 1%) which leads to the conclusion that even a significant change in resistance
causes a negligible error in the obtained inductances.

The d- and q-axis components of the stator voltage and magnetizing current, as well as
the speed and field current are shown in Figure 13 for the case when the reference value of
the q-axis stator current component is isq,t = 40% and the reference value of the d-axis stator
current component isd,t changes from 0 to 80% of the nominal current value in step of 20%
(from t = 30 until t = 45 s).

Figure 14 shows the waveforms of the voltages and currents measured directly at
the terminals of the machine for one electrical period in case of stator current component
reference values of isq,t = 40% and isd,t = 80% of the nominal current. It should be emphasized
that the waveform shown in Figure 14b represents the total current obtained as the sum of
the currents of each winding of the machine.
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Figure 13. Waveforms of the considered machine during experimental verification of the method.
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6. Conclusions

This paper presents a novel experimental method for the identification of the flux
linkage map of a medium-voltage EESM with double stator winding in case where it is not
possible to use a complex laboratory-like experimental setup or perform FEM simulations
without knowing the exact geometry, i.e., construction of the machine. The proposed
method was implemented by modifying the existing FOC algorithm in the digital control
system. In order to avoid problems due to the nonlinearities of the inverter, the stator
voltage was measured using voltage probes after which its first harmonic was obtained by
using Fourier analysis. The proposed method is suitable for synchronous machines with
controllable excitation, i.e., electrically excited synchronous machines (EESMs), in which
the reluctance torque does not lead to a significant change in the machine’s speed (in one
electrical period) during the identification process. Therefore, it can be concluded that the
proposed method is suitable for high-power EESMs that have a relatively high inertia.

Using the proposed method, the magnetization curves i the d- and q-axis were de-
termined, and the accuracy of the proposed methods was verified by comparing the
obtained magnetization curve in the d-axis with that obtained by the standard open-circuit
test—increasing the field current at constant speed. It has been shown that the proposed
experimental method can be also used to determine the magnetization curve in the q-axis,
which cannot be done by the standard open-circuit test. Furthermore, based on the ob-
tained magnetization curves, the flux linkage map of the EESM was generated, whereby the
performed sensitivity analysis showed that the change in resistance value has a negligible
impact on the obtained results, i.e., on the obtained flux linkage map. Acceptable accuracy
confirmed by comparison with three different analytical methods, together with the fact
that it does not require a complex experimental setup, makes the proposed method suitable
for the identification of a machine’s flux linkage map in an industrial environment. Al-
though the proposed method was applied to identify the flux-linkage map of a synchronous
machine with a double stator winding, it can be applied to standard synchronous machines
(with a single stator winding) as well.
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c0 = k
π (τ + sin(τ))

c1 = − 2k
3π

(
9 sin

(
τ
2
)
+ sin

( 3τ
2
))

c2 = − 2k
8π (6τ + 8 sin(τ) + sin(2τ))

c3 = − 2k
80π

(
150 sin

(
τ
2
)
+ 25 sin

( 3τ
2
)
+ 3 sin

( 5τ
2
))

c4 = − 2k
48π (30τ + 45 sin(τ) + 9 sin(2τ) + sin(3τ))

d0 = k
π (τ − sin(τ))

d1 = − k
3π

(
8− 9 cos

(
τ
2
)
+ cos

( 3τ
2
))

d2 = − k
8π (6τ − 8 sin(τ) + sin(2τ))

d3 = − k
60π

(
128− 150 cos

(
τ
2
)
+ 25 cos

( 3τ
2
)
− 3 cos

( 5τ
2
))

d4 = − k
48π (30τ − 45 sin(τ) + 9 sin(2τ)− sin(3τ))

Appendix B

Table A1. Comparison of the obtained Lmd values.

Method 1 Method 2 Method 3 Proposed Method
Nm. imd[A] imq[A] Lmd[mH] Lmd[mH] Lmd[mH] Lmd[mH]

1. 0 0 7.33 7.33 7.33 7.33
2. 370 15 7.27 7.27 7.34 7.27
3. 741 31 7.33 7.33 7.33 7.33
4. 1110 42 7.32 7.32 7.23 7.32
5. 1499 11 7.19 7.19 7.17 7.19
6. 1874 7 7.08 7.08 6.97 7.08
7. 2250 137 6.71 6.71 6.70 6.71
8. 2606 168 6.53 6.53 6.37 6.53
9. 3001 175 6.05 6.05 5.97 6.05

10. 3352 179 5.73 5.73 5.61 5.73
11. 3751 192 5.39 5.39 5.23 5.39
12. 4174 198 4.98 4.98 4.96 4.98
13. 771 710 7.32 7.33 7.30 7.47
14. 1551 633 7.14 7.15 7.08 7.14
15. 2299 596 6.65 6.67 6.59 6.74
16. 3066 489 5.96 5.98 5.87 6.01
17. 3859 391 5.26 5.27 5.14 5.28
18. 845 1437 7.15 7.22 7.09 6.91
19. 1592 1394 6.87 6.94 6.80 6.46
20. 2363 1320 6.44 6.51 6.28 6.48
21. 3112 1270 5.74 5.82 5.6 5.77
22. 907 2193 6.68 7.02 6.59 6.98
23. 1675 2148 6.46 6.70 6.26 6.64
24. 2330 2081 5.98 6.23 5.85 6.19
25. 3297 1890 5.37 5.55 5.2 5.43
26. 753 2945 6.12 6.92 5.93 6.43
27. 1451 2988 5.84 6.53 5.64 6.06
28. 2360 3004 5.40 5.96 5.18 5.37
29. 1964 3597 5.15 6.08 5.00 5.31
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Table A2. Comparison of the obtained Lmq values.

Method 1 Method 2 Method 3 Proposed Method
Nm. imd[A] imq[A] Lmq[mH] Lmq[mH] Lmq[mH] Lmq[mH]

1. 0 0 6.85 6.85 6.86 6.86
2. 9 373 6.79 6.81 6.86 6.81
3. 29 744 6.86 6.86 6.85 6.86
4. 47 1120 6.85 6.82 6.81 6.82
5. 63 1492 6.74 6.74 6.71 6.73
6. 112 1498 6.74 6.74 6.71 6.75
7. 146 1871 6.64 6.48 6.53 6.48
8. 151 1870 6.64 6.49 6.53 6.50
9. 186 2246 6.33 6.14 6.28 6.15

10. 197 2615 6.14 5.81 5.97 5.81
11. 194 2956 5.82 5.54 5.66 5.55
12. 293 3382 5.42 5.12 5.24 5.13
13. 315 3764 5.12 4.85 4.92 4.85
14. 328 4146 4.79 4.62 4.68 4.62
15. 771 710 6.85 6.84 6.82 6.58
16. 1551 633 6.68 6.76 6.61 6.16
17. 111 1496 6.74 6.74 6.71 6.73
18. 845 1438 6.69 6.65 6.63 6.53
19. 1592 1394 6.43 6.45 6.34 6.15
20. 2363 1320 6.02 6.27 5.81 5.45
21. 3112 1270 5.37 6.15 5.13 4.75
22. 187 2243 6.34 6.15 6.28 6.15
23. 907 2193 6.24 6.06 6.17 5.97
24. 1675 2148 6.04 5.93 5.84 5.58
25. 2330 2081 5.60 5.82 5.42 5.18
26. 3297 1890 5.02 5.77 4.76 4.6
27. 753 2945 5.73 5.5 5.58 5.47
28. 1451 2988 5.46 5.33 5.29 5.17
29. 2360 3004 5.05 5.20 4.83 4.80
30. 293 3691 5.18 4.90 4.97 4.90
31. 1134 3640 5.08 4.90 4.88 4.80
32. 1965 3597 4.82 4.88 4.69 4.56
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