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Correction on Current Measurement Errors for
Accurate Flux Estimation of AC Drives
at Low Stator Frequency
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Abstract—This paper presents an online-correction method for
current measurement errors for a pure-integration-based flux
estimation down to a stator frequency of 1 Hz. A measurementdisturbance-observer (MDO)-based approach is taken as one possible solution for eliminating the dc offset and the additional
negative-sequence component due to unbalanced current measurement gains in the synchronous coordinate. From the motor
parameter sensitivity analysis, an MDO gain selection method is
proposed to remove the estimation error resulting from a parameter mismatch. At the same time, the positive-sequence component
estimation is performed by creating an error signal between a
motor model reference and an estimated q-axis rotor flux established by a permanent magnet in the synchronous coordinate. The
compensator utilizes a PI controller that controls the error signal
to zero. Experimental results confirm that the proposed scheme
has great potential for applications to acquire the accurate motor
flux at a low stator frequency.
Index Terms—DC offset, measurement disturbance observer
(MDO), negative-sequence component due to unbalanced current
measurement gains, online-correction method of current measurement errors, positive-sequence component estimation, pureintegration-based flux estimation.

I. I NTRODUCTION

T

HE CHALLENGE of obtaining an accurate flux estimation in a modern ac drive has drawn much interest as
it allows us to ensure proper drive operation and stability at
low speeds [1]–[3]. A most convenient approach to obtain the
flux in the vector control or direct torque control (DTC) drive
is by using the stator voltage model. This model integrates
the terminal voltage [4]–[6]. In a practical implementation,
however, even a small dc offset or measurement error inherently
present in current sensors can cause an integrator to saturate
[2]. To avoid this problem, we tend to favor a technique based
on low-pass filters (LPFs) with a fixed or a variable cutoff
frequency instead of a pure integrator [3]. The replacement can
largely alleviate the dc-offset problem on the pure integrator,
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whereas the magnitude and the phase-angle errors are significantly introduced in the lower frequency range.
Other important issues that are relevant to a stator-modelbased method are the compensation of the inverter nonlinearities and the stator-resistance estimation. Many researchers
have addressed remedies related to the inverter nonlinearity,
and excellent results have been reported [7], [8]. The stator
resistance can be accurately estimated in real time by using
a stator-mounted temperature sensor [9] or an online statorresistance estimator [10], [11]. In contrast to intense research
activities on these issues, only a few published works deal
with the current-measurement-error problem [12]–[17]. This
problem is the main contributor to an output signal runaway
in the stator-model-based flux estimation. Inaccurate data may
eventually render the system unstable since the effects get more
pronounced when the stator frequency reaches down to zero.
Major sources of inaccuracies are parasitic dc offsets and
unbalanced gains of the measurement channels. They cause
fluctuations of the motor torque and generating speed oscillations of the fundamental and double fundamental frequencies
[12]–[14]. Previous articles focus on suppressing undesirable
periodic ripples that are related to current measurement errors.
In [12], the compensator requires precise mechanical parameters. An inaccurate determination may cause an instability
problem. The algorithm in [13] requires complex procedures
to minimize periodic torque ripples resulting from current
measurement errors. It needs a memory to store the controller
output data and Fourier series expansion to analyze the harmonics that are present in the stored data. The approach of
Jung et al. [14] utilizes an integral output of the d-axis current
controller to compensate for undesirable periodic speed oscillations. The performance heavily depends on the accuracy of
feedforward back-EMF voltage in the current controller and the
controller bandwidth. In addition, the convergence rate is quite
disappointing.
Moreover, these approaches only compensate for fluctuating
components that are coming from the dc offset and an additional negative-sequence component (ANSC) due to unbalanced gains. This implies that an additional positive-sequence
component (APSC) due to a balanced gain, which is appearing
as dc components in the synchronous coordinate, is still present
in the measurement system. The APSC causes a significant
rotor position error because it introduces a magnitude error in
the estimated flux. This is unacceptable in the perspective of the
low-speed vector control or DTC operation.
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We develop an online-correction method, which is described
in this paper, for current measurement errors for an accurate
flux estimation down to a few hertz of stator frequency. A
measurement-disturbance-observer (MDO)-based approach is
taken as one possible solution for eliminating the dc offset and
the ANSC in the synchronous coordinate. All the processes
in correcting these errors do not interfere with other system
nonlinearity effects since the proposed MDO will suppress the
higher frequency content resulting from the inverter dead time,
the motor slotting effect, and the tracking error under control.
Based on a parameter sensitivity analysis, a practical method
of designing robust MDO gains is proposed. Then, the APSC
estimation is performed by creating an error signal between
a motor model reference and an estimated q-axis rotor flux
established by a permanent magnet (PM) in the synchronous
coordinate. The compensator utilizes a PI controller that controls the error signal to zero. The effect of a stator-resistance
error serves as another APSC in the voltage model integration,
whose effect will be naturally decoupled by the proposed PI
compensator. The developed algorithm has been implemented
on a 1.1-kW PM synchronous motor (PMSM) drive to confirm
the effectiveness of the proposed scheme.

of the phase angle and the amplitude in the estimated flux while
it limits an output drift-away.
If there are unbalanced gains on the A- and B-phase measurement channels, the measured phase currents are
ias_AD = ka ias = I sin(θ − ϕ)


2π
ibs_AD = kb ibs = I sin θ − ϕ −
3

where I represents an instantaneous current amplitude and
ϕ = tan−1 (ieqs_AD /ieds_AD ). ka and kb are the A- and B-phase
unbalanced-gain ratios, respectively. Then, the synchronous
d- and q-axis errors due to the unbalanced gains are given by

1
π
∆ieds = Gb ieds_AD − √ I(Ga − Gb ) sin ϕ −
6
3


π
1
(4)
+ √ I(Ga − Gb ) sin 2θ − − ϕ
6
3

1
π
∆ieqs = Gb ieqs_AD − √ I(Ga − Gb ) sin ϕ +
3
3


π
1
(5)
+ √ I(Ga − Gb ) sin 2θ + − ϕ
3
3

1
ka
1
Gb = 1 − .
kb

The effect of current measurement errors in ac drives has
been fully analyzed in [12]–[14]. In this paper, we investigate
the effect of the measurement error in terms of the accuracy of
the flux estimation.
A. Effect of the Offset Error
The main causes of offset currents are drift phenomena or the
residual current of current sensors and the offset of op-amps in
measuring circuits. Even a minor dc offset can pose a significant
drift problem in a pure integration.
In this situation, the measured d- and q-axis currents in the
synchronous coordinate are

ieds

(3)

where

II. E FFECTS OF C URRENT M EASUREMENT E RRORS

1
ieds_AD = ieds + ∆Ias cos θ + √ (∆Ias + 2∆Ibs ) sin θ
3
1
ieqs_AD = ieqs − ∆Ias sin θ + √ (∆Ias + 2∆Ibs ) cos θ
3
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(1)

Ga = 1 −

(6)

It is noticed from (4) and (5) that the error component is
composed of the dc component and the repetitive ripple with
double synchronous frequency. The ripple content is known as
an additional term (ANSC) in the negative-sequence component in the motor current. This component is inevitable under
unbalanced gains. If the additional negative-sequence term is
perfectly compensated, then ka = kb = k. This means that a dc
component is still present, acts as an additional term (APSC) in
the positive-sequence component, and introduces an amplitude
error between the measured and the actual currents. This is
unacceptable in the flux-estimation perspective since it results
in a significant magnitude error in the estimated flux.

(2)

ieqs

where
and
are the actual d- and q-axis motor currents,
respectively. ∆Ias and ∆Ibs indicate the A- and B-phase offset
currents, and θ represents the electrical angle.

III. P ROPOSED E STIMATION AND C ORRECTION S TRATEGY
A. MDO for the Offset and ANSC
The voltage model in an arbitrary axis is then completed by
considering ripple components, which are shown in Fig. 1 and
given by

B. Effect of Unbalanced Scaling Errors
The scaling error originates from the nonlinearity and inaccuracy of the current sensors, the nonideal behavior of op-amps,
inaccuracy of passive devices in measuring circuits, and the
quantization error of an A/D converter.
In [2], the drift stator flux trajectory is limited to a stator flux
reference magnitude to avoid an instability of the integration.
However, an uncompensated scaling error could cause an error

∗

ies_AD =

e
νfb
+Ioﬀ sin(θ−δoﬀ )+Ineg sin(2θ − δneg )
Ldqs s + Rs
(7)
∗

e
where ies_AD and νfb
are the controlled motor current and
the current controller output voltage in a synchronous coordinate, respectively. Rs represents the stator resistance, and Ldqs
means the d−q-axis stator inductance. Ioﬀ and Ineg are the
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Fig. 2.

Configuration of the proposed MDO in an arbitrary axis.

Fig. 3.

Positive-sequence component correction strategy.

Fig. 1. Block diagram for the ripple component estimation.

ripple amplitudes that are caused by the offset and the ANSC,
respectively. δoﬀ and δneg indicate the arbitrary phase angles.
e
In Fig. 1, ee∗
s indicates the back-EMF compensation voltage, es
is the motor back-EMF, ies is the motor phase current, and ie∗
s
represents the current command.
To correct these effects, ripple components can be dynamically estimated by using an observer. They are then injected
to the feedback current so as to cancel periodic oscillations in a
feedforward manner. For the purpose of designing a disturbance
observer, a state-space representation is first required. From (7),
the states are described in an arbitrary axis as
x1 = ies_AD

choose the linear MDO, which is designed as
e∗
x̂˙ = Ax̂ + Bνfb
+ L(y − ŷ)

ŷ = x̂1

x2 = Ioﬀ sin(θ − δoﬀ )
x3 = Ioﬀ cos(θ − δoﬀ )
x4 = Ineg sin(2θ − δneg )
x5 = Ineg cos(2θ − δneg ).

(8)

Then, the overall state equation can be obtained with a
straightforward extension
∗

e
ẋ = Ax + Bνfb

y = Cx

(10)

where L = [l1 l2 l3 l4 l5 ]T is a gain matrix. Here, l3 and
l5 are just needed to construct the observer, and it can be
called a dummy gain. The observer design method leads to the
advantage of easy implementation of the proposed method. This
form of MDO has the desired property of extracting the ω + 2ω
component from the measured current and voltage command.
The configuration of the proposed MDO in an arbitrary axis
is shown in Fig. 2. x̂2 + x̂4 indicates the outcome of the MDO
and will be added to the measured current to cancel the error
due to ripple components with a feedforward manner. There
exists a matrix D = [0 1 0 1 0] that can bring the MDO outcome
into the desired form.

(9a)
B. PI Compensator for the APSC

where


s
−R
Ls
 0

A= 0

0
0



1
Ls

Rs
Ls

0
−ω
0
0

ω
ω
0
0
0

Rs
Ls

0
0
0
−2ω

The APSC can be viewed as a dc component in the synchronous coordinate. The use of the observer for the dc component
estimation inevitably introduces an additional error due to any
cross coupling from other low-frequency disturbances. The
need to incorporate the dc-state estimation error motivates us
to seek another identification technique to guarantee accuracy
with respect to the cross coupling. In this paper, therefore,
the APSC estimation is performed by creating an error signal between a reference model and an estimated synchronous
q-axis rotor flux.
The voltage equation of the ac motor in the stationary coordinate can be given by


2ω
0 

0 

2ω
0



 0 


B= 0 


0
0
C = [1

0

0

0

0]

(9b)
ν ss = Rs īss + Ldqs

where ω is the measured or estimated rotor angular velocity and
Ls represents a stator inductance in an arbitrary axis. Here, we

dīss
+ ess
dt

where ess represents the motor back-EMF vector.

(11)
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Fig. 4.

Block diagram of overall correction scheme.

Fig. 5. Compensated feedback system with the MDO considering the offset
error component.

After correcting the dc offset and the ANSC, suppose that the
motor is driven by an inverter with a balanced gain k. Then, the
rotor flux vector in the stationary coordinate can be obtained as
s
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∗

s

s

ν ss − Rs is dτ − Ldqs is


s
s
i
1 dis
s
s
+ ess − Rs is dτ − Ldqs is
=
Rs s + Ldqs
k
k dt
 



1
1
s
s
s
− 1 is dτ + λro + Ldqs
− 1 is
= Rs
k
k
(12)

λr =

∗

s

where ν ss indicates the voltage command and λro is the real
rotor flux vector. From (12), the q-axis rotor flux in the real
rotor reference frame is described as
 e



ids
1
1
e
−1
+ Lqs
− 1 ieqs .
(13)
λqr = −Rs
k
ω
k
The q-axis rotor flux linkage in the estimated rotor reference
frame is always zero even in the presence of an orientation
error. Thus, the q-axis rotor flux model in the estimated rotor
reference frame serves as a reference model in this paper.
A nonzero λeqr in the real rotor reference frame means that
the positive-sequence component produces a misalignment be-

tween the real rotor reference frame and the estimated one.
In the sensorless operation, therefore, field orientation may be
lost when a positive-sequence component error is present in
the measurement system. An online correction of the positivesequence error k can be performed through the PI actions. The
PI controller drives the error between the reference model and
(13) to zero. The tuning signal approaches the actual value of
1/k. Fig. 3 shows the block diagram of the correction strategy
on the APSC.
In practice, the dc-bus voltage measurement error, the backEMF compensation error in the current controller, and the
stator-resistance variation also serve as a dc positive-sequence
error in the measured current. If the whole error is used to
calibrate a balanced-gain deviation, then it can lead to saturate
the motor or make it work with a lower flux level. A modern
ac drive, which is the major target system in this paper, offers
an ability to calibrate the current feedback from the built-in
current measurement channel. Hence, it makes better physical
sense to assume that the balanced-gain error is less than ±20%
of its nominal value. In this paper, the positive-sequence error
k that exceeds 20% of the balanced-gain nominal value will
be considered for the effect of the stator-resistance variation.
Under the strategy used here, the accurate flux acquisition is
guaranteed even in the presence of the positive-sequence error
while restraining the main flux-level variation.
Conventionally, the d-axis current in a PMSM is controlled to
zero for the purpose of efficiency. In order to detect the positivesequence error from (13), a nonzero d-axis current command
can be periodically generated for the monitoring purpose as

∗
(14)
ieds = Is2max − ie2
qs
∗

where ieds is the d-axis current command and Is max represents
the maximum stator current limited by the inverter current
rating. If the nonzero λeqr is detected during this situation, it
could be an indication of a positive-sequence error. Then, at
low speeds, the first term in the right-hand side of (13) is much
larger than the second term even under heavy-load conditions.
This means that the proposed compensation scheme does not
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Fig. 6. Frequency response of a typical MDO with exact parameters with l1 = l2 = l3 = 2.

require a detailed knowledge of Lqs . Since the correction
process is accomplished online, this feature makes the proposed
scheme very attractive for applications where the accurate flux
measurement has to be processed in real time.
Fig. 4 shows the overall control block diagram of the proposed scheme to correct for the current measurement error by
taking into account the flux estimation.

IV. S ENSITIVITY A NALYSIS OF THE P ROPOSED MDO
We see that, in practice, the identification of the MDO model
(9) is a nontrivial task because of the presence of the possibly
unknown/time-varying motor parameters such as Rs and Ls .
For a real-time implementation, it is important to investigate
the parameter sensitivity characteristics because the parameter
uncertainty may noticeably alter the overall estimated results.
In this section, our development begins with the MDO system
without motor parameter uncertainty. Then, we take a more
rigorous look at the parameter sensitivity characteristics of the
proposed structure.

A. Analysis of the MDO With Exact Motor Parameters

Fig. 7. Time-domain response of the MDO with ∆Rs = 1.3Rs . (a) x2
and x̂2 . (b) actual estimation error (x2 − x̂2 ) and estimation error computed
by (25).

The model in (9) can be revised by the transfer function as
follows:

where


sX̂(s) = AX̂(s) + BV (s) + L X1 (s) − X̂1 (s) .


(15)

To simplify the MDO analysis, the offset components x̂2 and
x̂3 are considered. Then, (15) can be rewritten as
sX̂(s) = Ao X̂(s) + Bo V (s) + Lo X1 (s)

(16a)



s
−R
Ls − l1
Ao =  −l2
−l
 1 3

Rs
Ls

0
−ω


ω
ω
0

Ls

Bo =  0 
0
Lo = [ l1 l2

l3 ] .

(16b)
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TABLE I
RATING AND NOMINAL PARAMETERS OF PMSM UNDER TEST

Fig. 5 shows the compensated feedback system by X̂2 to
make the actual plant with the current measurement disturbance
behave like a given reference model. Here, I ∗ represents a dc
current command, C(s) is the transfer function of the current
controller, and E(s) indicates the tracking error. The MDO
output X̂2 can be expressed as
X̂2 = D o X̂

(17a)

where

Fig. 8. Time-domain response of the MDO with ∆Ls = Ls . (a) x2 and x̂2 .
(b) actual estimation error (x2 − x̂2 ).

B. Estimation Error Analysis in the Presence of the Motor
Parameter Errors
Do = [ 0

1 0].

(17b)

Combining (16) and (17) gives
X̂2 (s) = D o (sI −Ao )−1 B o V (s)+D o (sI −Ao )−1 Lo X1 (s)
(18a)
= H(s) [(Rs + Ls s)X1 (s) − V (s)]
where H(s) is expressed as in (18b), shown at the bottom of
the page.
From Fig. 5, V (s) can be written as
V (s) = (Rs + Ls s) (X1 (s) − X2 (s)) .

(19)

When there exists the stator-resistance error ∆Rs in the
model, V (s) can be expressed as
V (s) = (Rs + ∆Rs + Ls s) (X1 (s) − X2 (s)) .

Then, the MDO estimate X̂2 in (20) can be reformulated as
X̂2 (s) = H(s) [(Rs + Ls s)X1 (s) − (Rs + ∆Rs + Ls s)
× (X1 (s) − X2 (s))]
= H(s)(Rs +Ls s)X2 (s)−H(s)∆Rs (X1 (s)−X2 (s)) .
(22)
From Fig. 5, the actual current X1 can be expressed as
X1 (s) = I ∗ + X̂2 (s).

Substituting (19) back into (18a) yields
X̂2 (s) = H(s)(Rs + Ls s)X2 (s) = G(s)X2 (s)

(20)

where G(s) indicates the transfer function of a typical MDO
with exact parameters. Analyzing G(s) by plotting its frequency response, as shown in Fig. 6, shows that the proposed
MDO has a unity gain at a specified frequency to extract the
concerned ripple component. This feature leaves the estimated
flux less affected by the dead-time effect (6ω harmonic) during test.

H(s) =

Ls

s3

+ (l1 Ls + Rs

)s2

+ (l2 Rs +

(21)

(23)

After substituting (23) back into (22), the MDO output X̂2
becomes
(Rs + ∆Rs + Ls s)H(s)
∆Rs H(s) ∗
X2 (s) −
I
1 + ∆Rs H(s)
1 + ∆Rs H(s)
= G∆R (s)X2 (s) − GdcR (s)I ∗
(24)

X̂2 (s) =

where G∆R (s) means the transfer function of the ac ripple
component and GdcR (s) represents the transfer function on the
dc input, which implies that X̂2 has the residual dc component

l2 s + l3 ω
2
ω Ls + l3 ωLs )s

+ (Rs + l1 Ls − l2 Ls )ω 2 + l3 ωRs

(18b)
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Fig. 9. Bode plot of G∆R (s)|l3 =0 under various resistance errors.

Fig. 10. Frequency and phase response under different operating frequencies.

under the stator-resistance mismatch. Thus, the dc term of X̂2
can be computed at s = 0, i.e.,
X̂2 (0) = −

l3 ∆Rs
I ∗.
(l1 Ls +Rs −l2 Ls )ω+l3 (Rs +∆Rs )

(25)

This means that the variation of Rs during the operation
causes a dc estimation error of the MDO. An example of the
MDO operation is shown in Fig. 7 when the value of ∆Rs is
assumed to be a 130% overestimation of the nominal value. The
observer gains are selected as l1 = l2 = l3 = 2. The dc current
command is set to 2 A. The parameters of a 1.1-kW PMSM,

which are given in Table I, are used. The speed command is
3 Hz. It is apparent in Fig. 7 that the MDO estimation error
converges to the same dc value computed by (25). The test
result shows a good agreement with the stator-resistance error
analysis.
A similar approach on the stator inductance error ∆Ls gives
(Rs + (Ls + ∆Ls )s) H(s)
X2 (s)
1 + s∆Ls H(s)
∆Ls H(s)
sI ∗
−
1 + s∆Ls H(s)
= G∆L (s)X2 (s) − GdcL (s)I ∗

X̂2 (s) =

(26)
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where G∆L (s) means the transfer function of the ac ripple
component and GdcL (s) represents the transfer function on the
dc input under the stator-inductance mismatch. Note that the dc
gain GdcL (0) is zero. This means that the variation of Ls does
not bring any dc estimation error. Fig. 8 shows an example of
the MDO operation under 100% overestimation of the nominal
inductance value. Although the inductance error exists in the
model, the dc error is not found in the estimation error response.
C. Gain Selection of the Proposed MDO
One limitation with the proposed MDO scheme that has
been identified from the analysis is that the stator-resistance
uncertainty provides a dc estimation error which causes a
pure integrator to saturate. Our purpose here is to select an
adequate MDO gain by eliminating the dc estimation error
without affecting the ripple component estimation performance.
By choosing l1 = l2 = g and l3 = 0, the dc term X̂2 (0) in
(25) becomes zero even in the presence of the stator-resistance
error. In order to compare the estimation performance on the
ripple component, an overlay Bode plot of G∆R (s)|l3 =0 under
various resistance errors is shown in Fig. 9. The introduction of
resistance errors alters the Bode plot of G∆R (s)|l3 =0 but has
little effect around the synchronous frequency of the concerned
ripple component. This means that the proposed gain selection
is effective in eliminating the dc error and gives little negative
impact on the ripple component estimation in practice.
The MDO poles are obtained by solving the characteristic
equation
|sI − (A − LC)| = 0
which is reduced to




Rs
Rs
Rs 2
g + ω2 s +
ω =0
s2 +
s3 + g +
Ls
Ls
Ls
when l1 = l2 = g and l3 = 0. Solving (28) gives

g2
Rs
g
− ω2 .
s1 = − , s2,3 = − ±
Ls
2
4

(27)

Fig. 11. Compensation results of the dc offset and the negative-sequence component. (a) Enlarged responses of the shaded part in (b). (b) Controlled and real
phase current. (c) d−q-axis-estimated ripple component in the synchronous
coordinate. (d) Actual current error in the synchronous coordinate.

V. E XPERIMENTAL R ESULTS
(28)

(29)

In (29), it can be seen that the bandwidth of the proposed
observer is varying according to the operating speed. The
observer gain can be selected to set the convergence time over
the whole speed range in a way similar to the pole assignment in
linear systems [18]. Here, g = 0.16 ω is selected as a function
of the rotor speed, leading to g = 1 when the stator frequency
is 1 Hz. A frequency and phase response is shown in Fig. 10 for
a range of speed starting at 1 Hz to the rated frequency. It can
be seen that the MDO clearly approaches unity gain and zero
phase shift at the concerned frequency. This implies that there
is no phase lag or no magnitude error in the estimated output
waveform up to the rated speed.
Theoretically, the estimation should be consistent even at
extremely low speeds with the exception of the zero stator
frequency, but the lack of back-EMF voltage provides a speed
limitation. For the given motor in Table I, the lowest operating
limit is around 0.5 Hz.

The proposed algorithm is implemented on a commercial
1.1-kW PMSM. The pulsewidth-modulation inverter consists
of 10-kHz switching IGBT modules with a dead time of 3.5 µs.
The classical dead-time compensation scheme relying on the
accurate current polarity [7], [8] may cause secondary upsets
in the proposed scheme. Thus, we implement a state-of-theart dead-time compensation scheme to minimize the interaction
between the proposed correction action and the dead-time
effect, which is based on the support vector regression theory
and robust to current measurement errors [19].
Two-phase currents are sampled with a rate of 50 µs, and the
current regulator is tuned for a 6000-rad/s bandwidth. The LA
55-P current sensor of LEM with a maximum level of ±70 A
and with ±0.65% inaccuracy is installed in the drive. The
maximum measurement range of the embedded current sensor
is thought to be much higher than would be encountered in most
practical situations. The online MDO is performed every 50 µs,
and the rotary encoder with a 3000-p/r resolution is attached
to the motor for the closed-loop velocity control. The sampling
period of the velocity controller is 500 µs, and the poles are
set to 300 rad/s. The gain g is selected as 1 when the stator
frequency is 1 Hz, and dummy gains are set as l3 = l5 = 0.
Since the positive-sequence error is mainly a thermal effect that
changes very slowly, the PI-compensator bandwidth selection
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Fig. 12. Compensation results of the positive-sequence component. (a) Estimated rotor flux. (b) Estimated 1/k. (c) Estimated/real rotor angle and its error.
(d) Enlarged responses of the shaded part in (c).

for the APSC is not at all critical. In this paper, the gains are set
to 0.1% current controller bandwidth.
Fig. 11 shows the compensation performance of the dc offset
and the ANSC at 1-Hz speed command. An intentional +4.4%
offset error of the actual current is added to the respective
channel of an A/D converter for actual phase-current signals.
The gain ratio errors are given as ka = 1.1 and kb = 0.9. Correct estimation and compensation become effective at 5 s after
starting. As soon as the online estimation/compensation starts,
the controlled phase current in Fig. 11(b) rapidly converges to
its real value within two cycles while the observer estimates the
ω + 2ω component [Fig. 11(c)] in the synchronous reference
frame. Even if the ripple component is removed in this process,
the APSC is still present in the measurement system, as shown
in Fig. 11(d). The experimental result shows that the proposed
MDO does not interfere with other higher frequency contents
such as the dead time, the motor slotting effect, and the tracking
error under control.
The waveforms in Fig. 12 show the effectiveness of the
APSC compensator when the balanced-gain ratios are given
as k = ka = kb = 0.8. Correct estimation and compensation
become effective at 2 s in this test. The estimated flux in
Fig. 12(a) is obtained through a pure integration. It can be
observed that the magnitude of the estimated flux decreases
after compensation. As shown in Fig. 3, the PI controller drives
the tuning signal to reach the value of 1.25, which corresponds
to 1/k (= 1/0.8). The generated correcting signal makes an

Fig. 13. Compensation results of the proposed scheme (+4.4% offset error, ka = 0.9, and kb = 0.8). (a) X−Y plot of the estimated rotor flux.
(b) Enlarged response of the shaded part in (d). (c) Estimated flux.
(d) Estimated/real rotor angle and its error.

angle error reduce to zero, as shown in Fig. 12(c) and (d). From
the test, it is concluded that the proposed algorithm can provide
the reliable compensation performance in the presence of an
error on the APSC.
Fig. 13 shows the flux-estimation performance employing
the proposed current-measurement-error correction scheme under a 1-Hz operation. Although the offset error exists in the
current measurement, the flux is correctly estimated without
a drift. Distortions are rarely found in the estimated flux even
in the presence of the unbalanced current gain. To assess how
close the estimated flux matches the true one, the estimated
rotor angle and the real one detected by the encoder are compared with each other as shown in Fig. 13(b) and (d). From
the comparison, it can be seen that the rotor angle is correctly
estimated without a phase delay. This can never be achieved in
other LPF-based flux-estimation schemes.
To test the impact of the stator-resistance error on the proposed scheme, the stator resistance is intentionally increased
to +100% of its nominal value under the +10% balanced-gain
error, as shown in Fig. 14. From the top, the stator-resistance
plot, the d−q-axis actual current error in the synchronous
coordinate, and the angle error are depicted. As discussed in
the sensitivity analysis, the proposed MDO performance is not
affected by the stator-resistance error, owing to the zero dummy
gain. In the positive-sequence error compensation, however, a
dc offset in the d-axis current error waveform is created since
the stator-resistance error can be considered as a current gain
deviation by +20% of the nominal gain value. It is noted that
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Fig. 14. Proposed correction performance under +100% stator-resistance
change (+4.4% offset error, ka = 1.05, and kb = 1.15).

the dc offset due to the incorrectly compensated gain brings
very little influence in the estimated angle, as shown in the
bottom plot. From this test result, it can be concluded that
the stator-resistance error gives an insignificant impact on the
proposed flux acquisition while restraining the main flux-level
variation.
VI. C ONCLUSION
In this paper, we have described an online-correction approach to compensate current measurement errors for an
accurate flux estimation. The proposed work advocates a simple pure integration based on the stator voltage model which
exhibits an accurate flux-estimation performance down to the
1-Hz stator frequency. The detailed analysis indicates how the
flux-estimation process is affected by a current sampling error.
Then, an MDO-based estimation was proposed as one possible
solution of eliminating the dc offset and the ANSC in the
synchronous coordinate. Based on the parameter sensitivity
analysis, it is confirmed that the proposed MDO design is
very robust to the motor parameter variation by introducing
zero dummy gains. An adaptive estimator was built, and this
compensates for the APSC that incorporates the rotor position error. From the experimental results, it is concluded that
the proposed method can cope well with the low-speed fluxestimation problem in the presence of the current measurement
error and motor parameter uncertainties.
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