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Abstract— The stator flux linkages of synchronous machines
(SMs) are generally estimated by integrating their differential
equations in the stationary frame. The technical challenge
is removing the integration error arising from inaccurate
integrator inputs and initial values. The conventional method
uses a frequency domain approach to remove the integration
error as a DC component by designing a high-pass filter.
However, the frequency domain approach also affects irrelevant
frequency components other than the DC component; thus, the
magnitude or phase of the estimates could be distorted. There-
fore, this study presents a novel stator flux linkage estimator
for SMs, where the integration error is estimated in the time
domain and subtracted from the integration result. This time
domain approach does not affect other components than the
integration error, guaranteeing accurate estimation. The key
idea to estimating the integration error is using a linear state
observer based on a circular motion of the stator flux linkages
in the stationary frame. Simulation results obtained using a
35-kW SM drive demonstrate that the proposed estimator
has significantly improved transient performance compared to
existing methods.

Index Terms— Integration error, state estimation, stator flux
linkage, synchronous machines (SMs), transient performance.

I. INTRODUCTION

The electrical dynamics of synchronous machines (SMs)
are described by first-order ordinary differential equations for
the stator flux linkages [1]. Thus, accurate knowledge of the
stator flux linkages is crucial in understanding the electrical
behavior of the SM and designing a controller for the SM.
For instance, model predictive control (MPC), one of the
advanced control techniques based on optimization, utilizes
information on the current values of the stator flux linkages
or the inductances derived from them to predict the future
behavior of the SM and select the optimal control action [2].
Accordingly, the accuracy of used information highly affects
the performance of MPC.

Measuring the stator flux linkages inside the SM is chal-
lenging. Instead, the values of the stator flux linkages can
be estimated at each steady-state operating point from the
equations obtained by equating the differential equations to
zero. The stator flux linkage maps can be obtained offline by
an identification experiment over the entire operating range
[3]. However, the map accuracy depends on the sophistica-
tion of the identification experiment at the expense of the
cost and effort. Although the stator flux linkage maps are
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obtained accurately for the operating range over which the
experiment is performed, they cannot deal with the parameter
changes resulting from aging or abnormal operations, such
as temperature increase or demagnetization.

Online estimation methods have been proposed to over-
come the disadvantages of offline identification. The most
straightforward way was to integrate the differential equa-
tions for the stator flux linkages in the stationary α-β
frame to obtain their values [4]–[6]. However, the integration
suffered errors due to inaccurate initial or input values. A
high-pass filter was generally applied after the integration to
remove the integration errors acting as DC offsets [7], but
it also distorted the frequency response around and below
the cutoff frequency. A method was proposed in [8] to
recover the frequency response distortion by compensating
for the difference between the frequency response of the
pure integrator and the filter at the frequency of the SM
rotation. However, this compensation only works well under
steady-state conditions that the frequency-domain approach
assumes, and it would degrade transient performance.

The stator flux linkages can also be estimated in the
rotating d-q frame. Many studies used the steady-state as-
sumption, by which the d- and q-axis stator flux linkages
were expressed as explicit functions of the stator voltages
and currents [13]–[15]. This approach is simple and easy
to implement, but the transient behavior of the SM was
not considered at all. The high-frequency current injection
has recently been adopted for the stator flux linkage esti-
mation [16], [17] and has shown satisfactory steady-state
performance. However, their transient performance was not
sufficiently investigated.

The literature shows that the existing estimation methods
had poor transient performance due to the steady-state as-
sumption, or their transient performance was not thoroughly
considered in the analysis. In addition, most of them were
based on conventional control methods, such as proportional-
integral (PI) current control, that produced smooth control
action. Their transient performance could deteriorate further
if another control method that contains persistently transient
components, such as finite control set MPC (FCS-MPC)
[9], was adopted. Meanwhile, state observers, such as the
Luenberger observer and Kalman Filter, have also been
widely investigated as stator flux linkage estimators with
satisfactory transient performance [10]–[12]. However, most
state observer-based estimators require prior knowledge of
SM electrical parameters, such as the inductances. Their
steady-state or transient performance would deteriorate when
the parameter information is inaccurate.
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With this background, this study presents a novel stator
flux linkage estimator that does not rely on conventional
estimation methods to improve transient performance. The
proposed estimator is based on the conventional method:
integrating the differential equations for the stator flux
linkages in the α-β frame. However, the difference is in
how to remove the integration error. The key idea of the
proposed method is to estimate the integration error using
a state observer in the time domain and subtract this error
from the integration result. This time domain approach can
remove the integration error faster than the conventional
frequency domain approach [7], [8], which uses a high-
pass filter to remove them. Note that the state observer
used in the proposed method does not rely on accurate
parameter information, unlike other state observer-based
methods presented in [10]–[12]. Simulation results obtained
using a 35-kW SM drive validate the proposed estimator’s
effectiveness compared to the conventional methods. FCS-
MPC is selected for the current control of the SM drive to
demonstrate that the proposed estimator works well even in
unfavorable conditions when the stator voltages contain a
wide range of frequency components.

II. PRELIMINARIES

A. SM Model

The SM is modeled in the stationary α-β frame as follows:

λ̇αβ(t) = vαβ(t)−Rsiαβ(t) (1a)
Te(t) = 1.5P (λα(t)iβ(t)− λβ(t)iα(t)) (1b)

with zαβ :=
[
zα zβ

]T
, z = λ, v, i, where λαβ represents

the stator flux linkage vector; λα and λβ represent the α- and
β-axis stator linkages, respectively; vαβ and iαβ represent
the stator voltage and currents vectors; vα and vβ , and, iα and
iβ represent the α- and β-axis stator voltages and currents,
respectively; Rs denotes the stator resistance; Te is the output
torque; and P is the number of pole pairs.

The above model is expressed differently in the rotating
d-q frame as follows:

λ̇dq(t) = vdq(t)−Rsidq(t)− ωrJλdq(t) (2a)
Te(t) = 1.5P (λd(t)iq(t)− λq(t)id(t)) (2b)

with zdq :=
[
zd zq

]T
, z = λ, v, i, where λdq , vdq and

idq are the physical quantities defined in the d-q frame;

J :=

[
0 −1
1 0

]
is the rotation matrix; and wr is the electrical

rotor speed.
The following assumptions are made in this study:
• The stator resistance Rs is known.
• The inverter nonlinearity and iron loss in the electrical

dynamics are not considered.
Note that this study does not require this difficult assumption:
the inductance information is accurate. Thus, the proposed
stator flux linkage estimator, which will be presented in
Section III, works well without accurately knowing the
inductance values.

B. Stator Flux Linkage Estimation

The stator flux linkage vector can be calculated by in-
tegrating the differential equations for them (i.e., (1a)) as
follows:

λαβ(t) =

∫ t

0

(vαβ(τ)−Rsiαβ(τ)) dτ + λαβ(0). (3)

Because the physical quantities vαβ(t) and λαβ(0) are not
measured online in the SM drive, estimated values (denoted
by hat) of them are used to estimate the stator flux linkage
vector as follows:

λ̂αβ,int(t) =

∫ t

0

(v̂αβ(τ)−Rsiαβ(τ)) dτ + λ̂αβ(0). (4)

The value of v̂αβ(t) is determined by the stator voltage
reference vector that is determined by the control logic of
the SM. The initial value λ̂αβ(0) is set to its estimated value
if any, or zero. The estimated value λ̂αβ,int(t) may contain
an error due to inaccurate values of v̂αβ(t) or λ̂αβ(0). Such
error is defined as the integration error:

Oαβ(t) = λ̂αβ,int(t)− λαβ(t), (5)

which acts as an offset in the estimated value. The integration
error caused by an inaccurate initial value occurs at the start
of the integration and remains constant. By contrast, the
integration error caused by inaccurate stator voltage vector
can occur continuously and change rapidly under dynamic
operations of the SM. The integration error, offset in the α-β
frame, is transformed into an oscillating component in the
rotating d-q frame, which deteriorates the stator flux linkage
estimation performance both in transient and steady states.

1) Conventional Method 1 (CM1): The most widely used
method to remove the integration error is to apply a high-
pass filter after the integration [7]. A high-pass filter, together
with the integration, becomes a low-pass filter in the Laplace
domain as follows:

λ̂αβ(s) =
1

s+ wc,HPF
(v̂αβ(s)−Rsiαβ(s)) , (6)

where s is the Laplace variable and wc,HPF is the cutoff
frequency of the high-pass filter. The high-pass filter removes
a DC offset in the integration. However, it also distorts the
frequency response around and below the cutoff frequency;
thus, the estimated value is distorted in its magnitude or
phase, which worsens when the SM is rotating with a fre-
quency within the distorted frequency range. The frequency
response distortion can be recovered by the method presented
in [8], which compensates for the difference between the
frequency response of the pure integrator (i.e., (3)) and
the low-pass filter (i.e., (6)) at the frequency of the SM
rotation (i.e., s = jwr). This compensation works well
under the assumption that the low-pass filter input (i.e.,
v̂αβ(s)−Rsiαβ(s)) contain the frequency components only
near s = jwr. This assumption may not be valid when
the SM is in transient conditions, or the stator voltage
v̂αβ(t) contains various frequency components due to using
particular control methods such as FCS-MPC.
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2) Conventional Method 2 (CM2): The stator flux linkage
vector can be directly estimated in the rotating d-q frame
under the steady-state assumption by which the derivative
term in (2a) is equal to zero. Then, the estimate of the stator
flux linkage vector is obtained as follows:

λ̂dq(t) =
1

wr
J−1(v̂dq(t)−Rsidq(t)), (7)

where v̂dq is the estimate of vdq , which is determined by
the stator voltage reference vector in the d-q frame. This
estimation works well only in steady states; thus, its perfor-
mance deteriorates when the SM is in transient conditions or
the stator voltage vector vdq(t) keeps varying due to using
particular control methods such as FCS-MPC.

III. PROPOSED STATOR FLUX LINKAGE ESTIMATOR

This section presents a novel stator flux linkage estima-
tor that overcomes the limitations of the abovementioned
conventional methods. Instead of removing the integration
error by the high-pass filter, which also affects irrelevant
frequency components, the proposed estimator is based on
a state observer to estimate the integration error Oαβ(t) in
the time domain. The estimated integration error is directly
compensated from the integration result λ̂αβ,int(t) so that
irrelevant frequency components remain intact. Section III-A
introduces a reformulation of the integration result so that the
reformulated equation can be used in a state observer. Then,
in Section III-B, a state observer is designed to estimate
the integration error, and the overall estimation process is
described.

A. Reformulation of Integration Result

The stator flux linkage vector can be expressed by a
function of the stator current vector as follows:

λαβ(t) = Lsiαβ(t), (8)

where Ls denotes the inductance matrix describing a geo-
metric relationship between λαβ and iαβ . Note that Ls is a
function of idq , not of iαβ . Using a nominal value for Ls

yields an additional term to (8) as follows:

λαβ(t) = L̂siαβ(t) + ∆λαβ(t), (9)

where L̂s is the nominal inductance matrix and ∆λαβ(t) =
(Ls − L̂s)iαβ(t).

The integration result λ̂αβ,int(t) is rewritten by substitut-
ing (9) into (5) as follows:

λ̂αβ,int(t) = L̂siαβ(t) + ∆λαβ(t) +Oαβ(t). (10)

At steady states (i.e., Ls is constant), the terms L̂siαβ(t)
and ∆λαβ(t) are rotating in the α-β frame with the angular
velocity of wr about different centers, Oαβ(t) and Oαβ(t)+
L̂siαβ(t), respectively, as depicted in Fig. 1. On the other
hand, the term Oαβ(t) is quasi-constant at steady states.

B. State Observer Design

Identification of ∆λαβ(t) or Oαβ(t) makes it possible
to identify the stator flux linkage vector λαβ(t) from (9)

𝜶

𝜷

0,0

𝝀𝛼𝛽(𝑡)

𝑶𝛼𝛽(𝑡)
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𝜔𝑟
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Fig. 1. Components of the integration result λ̂αβ,int(t).

or (5), respectively. Thus, to estimate these two components
∆λαβ(t) and Oαβ(t), the steady-state behavior of them is
modeled as follows:

∆λ̇αβ(t) = wrJ∆λαβ(t)

Ȯαβ(t) = 0

. (11)

The summation of the two components is known from (10)
as

λ̂αβ,int(t)− L̂siαβ(t) = ∆λαβ(t) +Oαβ(t). (12)

The state-space model is defined based on (11) and (12) as
follows: 

ẋ(t) = A(ωr)x(t)

y(t) = Cx(t)

(13)

with x :=
[
∆λαβ Oαβ

]T
, y := λ̂αβ,int − L̂siαβ ,

A(ωr) :=

[
wrJ O2

O2 O2

]
, C :=

[
I2 I2

]
, where x and y

denote the state and output vectors, and, A(ωr) and C
represent the system and output matrices, respectively.

The observability matrix of the state-space model (13) is
given by

O(ωr) =


C

CA(ωr)

CA(ωr)
2

CA(ωr)
3

 =


I2 I2

ωrJ O2

(ωrJ)
2

O2

(ωrJ)
3

O2

 , (14)

which has full rank (i.e., O(ωr) = 4) if ωr ̸= 0. Conse-
quently, the state x is fully observable at nonzero speeds. A
linear state observer for the state-space model is designed as
follows: 

˙̂x(t) = A(ωr)x̂(t) + F (y(t)− ŷ(t))

ŷ(t) = Cx̂(t),

(15)

where x̂ and ŷ are the estimates of x and y, respectively, and
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Fig. 2. Proposed stator flux linkage estimator.

TABLE I
SPECIFICATIONS OF THE PMSM DRIVE MODEL

Base speed 2000 RPM
Maximum torque 180 Nm
DC-link voltage 325 V
Maximum stator current 350 A
Sampling time 25 µs
Number of pole pairs (P ) 8
Stator resistance (Rs) 10.9 mΩ

F is the observer gain matrix. The estimation error dynamics
can be obtained by subtracting (15) from (13) as follows:

ė(t) = [A(ωr)− FC] e(t), (16)

where e = x− x̂. The estimation error e(t) asymptotically
and exponentially converges to zero if the observer gain
matrix F is determined to make the matrix A(ωr) − FC
Hurwitz.

Finally, the estimate of the stator flux linkage vector
λ̂αβ(t) is obtained by subtracting the integration error es-
timate Ôαβ(t) from the integration result λ̂αβ,int:

λ̂αβ = λ̂αβ,int − Ôαβ = λ̂αβ,int −Dx̂, (17)

where D :=
[
O2 I2

]
. This process is depicted in Fig. 2.

The estimate in the α-β frame is transformed into that in the
rotating d-q as follows:

λ̂dq = T (θr)λ̂αβ . (18)

where T (θr) is the coordinate transformation matrix and θr
is the eletrical rotor position.

IV. SIMULATION RESULTS

MATLAB/SIMULINK simulations were performed to ver-
ify the effectiveness of the proposed stator flux linkage
estimator over a wide range of speeds. A 35-kW permanent
magnet SM (PMSM) drive model was used in the simu-
lations, whose specifications and stator flux linkage maps

(a) (b)

Fig. 3. Stator flux linkage maps of the PMSM. (a) d-axis and (b) q-axis.

(a)

(b)

Fig. 4. Stator flux linkage estimates (a) in the α-β frame and (b) in the
d-q frame without using the integration error estimator.

are given in Table I and Fig. 3, respectively. A PI speed
controller was designed to determine the desired torque for
the PMSM to track the speed command. The desired torque
was then converted to current references based on maximum
torque per ampere (MTPA) operation using the numerical
method presented in [18]. Finally, FCS-MPC determined the
stator voltage references for the PMSM to track the current
references [9]. Note that FCS-MPC was selected for the
current control to make the stator voltages contain a wide
range of frequency components.

The simulations consisted of two parts. In the first part
(see Section IV-A), the effectiveness of the integration error
estimator was examined by comparing estimation results
with and without the integration error estimator. When the
integration error estimator was not used, the estimate of
the stator flux linkage vector was determined as λ̂αβ(t) =
λ̂αβ,int(t) in the α-β plane, unlike in (17). The PMSM was
controlled to produce the maximum torque (180 Nm) at the
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(a)

(b)

(c)

Fig. 5. Stator flux linkage estimates (a) in the α-β frame and (b) in
the d-q frame using the integration error estimator. (c) The corresponding
integration error estimates.

mechanical speed of 1000 RPM. In the second part (see Sec-
tion IV-B), the proposed estimator (with the integration error
estimator), which was termed the proposed method (PM),
was compared with two conventional methods: CM1 (see
Section II-B.1) and CM2 (see Section II-B.2). The estimates
of CM1 were transformed into the d-q frame to match the
coordinate to PM. The cutoff frequency of the high-pass filter
of CM1 was selected as 0.2wr which did not significantly
affect the operating point (i.e., s = wr). The estimates of
CM2 were low-pass filtered with a cutoff frequency of 2wr

to filter out high-frequency components generated by FCS-
MPC, considering the estimation performance. Note that the
cutoff frequencies of CM1 and CM2 were optimally tuned
by a prior simulation. The nominal inductance matrix of PM
was defined as L̂s = 2.8·10−6I2(H), where the value of the
diagonal terms was selected as the average value of the d-

and q-axis nominal inductances. Additionally, the observer
gain matrix F of PM was selected such that the eigenvalues
of the matrix A(ωr)−FC match with the bandwidth of the
current reference, which was 50 Hz, at the mechanical speed
of 1000 RPM. The PMSM was controlled to produce torque
from -180 Nm to 180 Nm within a mechanical speed range
of 200 RPM to 1800 RPM.

A. Validation of the Integration Error Estimator

The estimation results without and with the integration
error estimator are presented in Figs. 4 and 5, respectively.
Figure 4a shows that the estimates in the α-β frame tracked
the trend of the true values. However, the estimates had
offsets from inaccurate integration. Figure 4b shows that the
offsets in the α-β frame were transformed into oscillating
components in the rotation d-q frame, which deteriorated the
estimation performance.

By contrast, Fig. 5a shows that the estimates in the α-β
frame tracked the true values accurately with the integration
error estimator. Accordingly, the estimates in the d-q frame
also tracked the true values accurately, as shown in Fig. 5b.
This accurate estimation was possible because the integration
error was estimated, as shown in Fig. 5c, and compensated
from the integration result in real time.

B. Performance Comparison with Conventional Methods

Figure 6 shows the stator flux linkage estimates of PM,
CM1, and CM2 in the d-q frame, as well as the integration
error of PM, as the torque and mechanical speed were
varying. The estimates of CM1 reached the true values
without overshoots and oscillations in steady states over 1000
RPM. However, they had overshoots and oscillations at low-
torque and low-speed conditions (from 0.05 s to 0.12 s) and
did not converge to the true values. These overshoots and
oscillations occurred because the integration error could not
be removed rapidly using the frequency domain approach.

The estimates of CM2 reached the true values in steady
states over 1000 RPM. However, the d-axis estimate had a
large initial overshoot when the torque was varying at around
200 RPM (from 0.05 s to 0.08 s) due to not considering the
transient terms in (2a). The overshoot could be attenuated
by decreasing the low-pass filter’s cutoff frequency, but
this would increase the settling time of the d- and q-axis
estimates.

By contrast, the estimates of PM tracked the true values
well both in transient and steady states at all speeds, which
was possible due to using the integration error estimator to
remove the integration error in the time domain. Therefore,
it is demonstrated that the proposed stator flux linkage
estimator significantly improves the transient and steady-
state performance compared to the conventional estimation
methods over a wide range of speeds.

V. CONCLUSION

This study presented a time domain approach to more
accurately estimate the stator flux linkages of SMs than
the conventional frequency domain approach. The main
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Fig. 6. Stator flux linkage estimates of the proposed method (PM) and
conventional methods (CM1 and CM2) in the d-q frame.

challenge was to eliminate the integration error existing in
the integration result of the differential equations for the
stator flux linkages. The key idea of the proposed method
was to estimate the integration error in the time domain
using a linear state observer and compensate for this error
from the integration result. The state observer was designed
by leveraging the fact that the stator flux linkage vector is
in a circular motion in the α-β frame. Simulation results
obtained using a 35-kW PMSM drive demonstrated that the
proposed estimator closely tracked the true trajectories of the
stator flux linkages under various operating conditions with
better transient performance than the conventional estimators.
In a future study, the proposed estimator will be validated
by experimental results considering non-ideal factors, which
were neglected in this study, such as inverter nonlinearities

that may significantly affect the estimation accuracy.
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