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Abstract—Measurement errors are inevitable in the current sen-
sors, which cause speed ripple including one and twice the stator
electrical frequency. For the undesired harmonics, the adaptive
selected harmonic elimination (ASHE) algorithm outputs the sum
of the sinusoidal signals multiplied by the adaptive weights. In
order to solve the current measurement error (CME) issue, this
article adopts the ASHE algorithm. According to the deterministic
functional relationship of the surface-mounted permanent magnet
synchronous motor (SPMSM), the adopted algorithm extracts the
harmonics of the steady state speed error, and outputs the q-axis
current compensation. However, there is no explicit connection
between speed and d-axis current, so their relationship is uncertain.
The remaining d-axis CMEs result in poor current performance.
Therefore, this article proposes an improved ASHE algorithm,
which compensates the dq-axis CMEs simultaneously depending on
their mutual deterministic connection. The proposed method does
not need motor parameters, additional sensors, or complex calcu-
lation process. Finally, the effectiveness of the method is verified
by the SPMSM platform. Experimental results also show that the
proposed method reduces speed ripple and suppresses the negative
effects of CMEs.

Index Terms—Adaptive selected harmonic elimination (ASHE),
current measurement errors (CMEs), permanent magnet
synchronous motor (PMSM), vector control (VC).
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I. INTRODUCTION

W ITH the advanced power electronic technology, ac ma-
chines have dominated the traction machine market [1].

Among various ac machines, permanent magnet synchronous
motor (PMSM) has many features, such as operation over a wide
torque speed range, high power, density, etc. It receives abundant
attention and is widely applied in industrial fields and electrified
transportation [2]–[4]. Aiming to attain fine servo performance,
relying on sensors to sample electrical signals, modern control
technologies perform closed-loop control. Among these control
technologies, vector control (VC) is very common. In detail,
traditional VC requires two current sensors and an encoder
[5], [6]. For the motor drives, current and speed feedback are
essential.

Current feedback is generally phase current, which is the
voltage signal output by the sensor. It is processed by an
analog-digital converter (ADC) through matching circuits and
noise filter circuits. Due to the circuit nonlinearity, the operat-
ing environment, especially temperature variation, even if the
system is well constructed, current measurement errors (CMEs)
are still inevitable [7]. CMEs mainly include offset error and
scaling error, which generate torque pulsation, subsequently
yielding speed ripple of single and double fundamental fre-
quencies [8]–[10]. Therefore, these CMEs need to be restricted
or compensated. The simplest method is to update the error
correction when the motor is down. However, except that the
offset error may change due to thermal drift, and this method
not only interferes with normal operation but also fail to handle
the scale error. Hence, different online compensation methods
are proposed.

For online compensation of CMEs, some methods use addi-
tional sensors. In [8], the dc-bus current is utilized for mutual
calibration of sensors. By means of one voltage sensor, [9]
and [10] estimate the stator currents and design controllers to
eliminate CMEs. Via the torque transducer, [11] obtains the
steady state torque error, and iteratively learns to compensate
the current references. There are other methods compensating
current references, such as filtering the difference between the
predicted and measured currents [12] and exploiting the transfer
function of torque disturbance to speed error [13]. In [14],
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repetitive control is performed depending on the stored volt-
age errors. Based on the disturbance observer, [15] designs a
composite voltage compensator and [16] directly confirms the
offset and gains by the positive sequence component estima-
tor. Moreover, [17] analyzes that the integrator output of the
d-axis proportional integral (PI) current regulator is constant,
subtracts offset errors, and rescales the gains. By injecting
high-frequency voltage, [18] acquires the positive and nega-
tive sequence currents to scale the gains. In [19], with isola-
tion and decoupling matrix, the regulator estimates the gains
by minimizing the current differential gains. Although above
methods compensate CMEs, they may use additional sensors,
rely on motor parameters, or have a complicated calculation
process.

In addition, there is a classic adaptive notch canceller that
eliminates sinusoidal interference in digital signal processing
[20]. For power electronic applications, [21] proposes an adap-
tive select harmonic elimination (ASHE) algorithm, which only
requires knowledge of the harmonic frequency. The general
framework, theories and methods of harmonic component elimi-
nation is described in [22]. In terms of specific applications, [23]
applies adaptive filters to shunt active power filters to improve
the transient response time of harmonic detection. Besides, the
ASHE algorithm is introduced to a three-level T-type inverter
to eliminate the 5th-31st harmonics [24]. Regarding motor
drives, [25] uses the same structure to diminish the harmonics
in the rotor estimation error of sensorless control. Based on
the least mean square (LMS) algorithm, [26] compensates the
voltage references and suppresses deadtime current distortion
in VC. In general, the sole function of ASHE algorithm is to
eliminate undesirable higher-order harmonics from the selected
variable.

Correspondingly, CMEs cause torque pulsation, thereby re-
sulting in speed ripple with single and double fundamental
frequencies. This article adopts the ASHE algorithm to reduce
speed ripple of the surface-mounted PMSM. Through the de-
terministic functional relationship, speed ripple originates from
q-axis CMEs. The adopted ASHE algorithm outputs the q-axis
current compensation, which reduces speed ripple. However,
the d-axis CMEs are not compensated, resulting in poor current
performance. Furthermore, the relationship between speed and
d-axis current is uncertain. In order to completely suppress
the negative impact of CMEs, this article improves the ASHE
algorithm. Considering that the dq-axis CMEs are the weighted
sums of sinusoidal signals, their mutual connection is determin-
istic. Then, the d-axis current compensation can be obtained by
adaptive weights of the ASHE algorithm. The dq-axis CMEs are
compensated simultaneously and respectively. Without motor
parameters, additional sensors or complex calculation processes,
the proposed method reduces speed ripple and suppresses the
negative effects of CMEs.

This article is organized as follows. In Section II, the PMSM
model, CMEs and related limits of traditional method are il-
lustrated. In Section III, the principle and implementation of
the ASHE algorithm, further improvement, and application are
presented. The experimental results are shown in Section IV.
Finally, Section V concludes the article.

II. EFFECTS OF MOTOR CMES

A. Mathematical Model of PMSMs

Aiming at the CMEs of various motors, this article takes the
PMSM as an example. In the dq-synchronous reference frame,
the mathematical model of PMSM is as follows:

did
dt

= −Rs

Ld
id +

Lqωe

Ld
iq +

1

Ld
ud

diq
dt

= −Ldωe

Lq
id − Rs

Lq
iq +

1

Lq
uq − ψPMωe

Lq

J
dωm

dt
= Te − TL (1)

where ud and uq are the stator dq-axis voltage, id and iq are
the stator dq-axis current, Ld and Lq are dq-axis inductance,
ψPM is the permanent magnet flux linkage, Rs is the stator
winding resistance,ωe is the electrical angular speed,ωe= pωm,
p represents the number of pole pairs, and ωm is the mechanical
angular speed. Finally, J, Te, and TL are the rotational inertia,
the electrical torque, and load torque, respectively.

As for the traditional VC with i∗d = 0 (i.e., maximum torque
per ampere in torque control), or the surface-mounted permanent
magnet synchronous motor (SPMSM), whose stator inductance
Ls = Ld = Lq, the electromagnetic torque can be described as

Te = 1.5p (ψPMiq + (Ld − Lq) idiq)

= 1.5pψPMiq = kT iq. (2)

Substituting (2) into the motor motion equation in (1), the
relationship between speed and q-axis current can be obtained

J
dωm

dt
= kT iq − TL. (3)

Thus, the relationship between current and speed is estab-
lished through the connection of torque, current, and speed.

B. Analysis of CMEs

The stator current is first converted into a voltage signal by
the sensor, and then discretized into a digital value by a low-
pass filter and ADC. The factors that may cause CMEs include
the sensor itself, signal processing circuits, differences between
sampling circuits, discrete errors in ADC, and other factors such
as thermal drift, magnetic field interference, etc. [20]. Therefore,
CMEs inevitably exist under these factors.

Usually, the classic three-phase three-wire circuit topology
uses two sensors to measure any two-phase currents. This article
takes phases a and b as an example, and phase c current is
obtained by Kirchhoff’s current law. Then, the measured values
of the three-phase currents are expressed as⎧⎨

⎩
ia_mea = kaia_act +Δia_offset

ib_mea = kbib_act +Δib_offset

ic_mea = −ia_mea − ib_mea

(4)

where ix_mea and ix_act, x = a, b, c, are the measured and actual
values of three phase currents, and such as phase a, ka, and
Δia_offset are the offset error and scaling error, respectively.
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After Clark and Park transformation, the dq-synchronous
rotating currents are obtained

{
id_mea = id_act +Δid
iq_mea = iq_act +Δiq

(5)

where ix_mea and ix_act, x= d and q are the measured and actual
values of the dq-axis currents, and Δid and Δiq are the errors
between the measured and actual currents, respectively. Among
(5), the error terms are

{
Δid = Δia cos θe +

1√
3
(Δia + 2Δib) sin θe

Δiq = −Δia sin θe +
1√
3
(Δia + 2Δib) cos θe

(6)

where θe represents the electrical angle, θe=ωet= 2πfet. Ob-
viously, the error terms are related to the CMEs of phase a, b
currents Δia, Δib and the stator electrical frequency fe. Next,
the dq-axis representations of offset error and scaling error are
shown separately.

1) Offset Error: Considering offset error alone, the er-
ror terms of dq-axis currents are obtained by substituting
Δia=Δia_offset,Δib=Δib_offset into (6)

{
Δid = I1 sin (θe + ϕ1)
Δiq = I1 cos (θe + ϕ1)

(7)

where⎧⎨
⎩I1=

2√
3

√
(Δia_offset)

2+Δia_offsetΔib_offset+(Δib_offset)
2

ϕ1 = tan−1
( √

3Δia_offset

Δia_offset+2Δib_offset

)
.

Under the premise of correct execution of the control algo-
rithm, the given and measured currents should be equal during
the steady state, i.e., i∗q = iq_mea. Combining (2) and (10), the
influence of offset error on electromagnetic torque is as follows:

Te = kT iq_act = kT
(
i∗q −Δiq

)
= T ∗

e − τ1. (8)

It can be seen from (8) that the disturbance torque τ1 in the
electromagnetic torque exists due to offset error. Through (7),
further note that the electromagnetic torque will oscillate at the
stator electrical frequency fe.

2) Scaling Error: When referring to scaling error separately,
it is generally assumed that the measured current remains sinu-
soidal {

ia_mea = kaia_act = I cos (θe + φ)
ib_mea = kbib_act = I cos

(
θe − 2

3π + φ
) (9)

where φ = tan−1(iq_mea/id_mea) and I is the magnitude of the
measured current. Combine (9) and (5), and further substitute
into (8)

{
Δid = I2 sin (2θe + ϕ2) + I2_1

Δiq = I2 cos (2θe + ϕ2) + I2_2
(10)

Fig. 1. Block diagram of motor control structure.

Fig. 2. Simplified speed loop block diagram.

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I2=
I√
3

(
1
ka

− 1
kb

)
ϕ2=φ− 2

3π
I2_1

= I√
3

{(
1− 1

kb

)
sin

(
2
3π − φ

)
+
(
1− 1

ka

)
sin

(
2
3π+φ

)}
I2_2

= I√
3

{(
1− 1

kb

)
cos

(
2
3π − φ

)−(
1− 1

ka

)
cos

(
2
3π+φ

)}
.

Since I2_1 and I2_2 in (10) are constant, they are compensated
by the speed controller during the steady state, so the remaining
items are similar to the analysis of offset error. The disturbance
torque τ2 caused by the scaling error makes the electromagnetic
torque oscillate at twice the stator frequency 2fe. Analyzing (7)
and (10), it is obvious that the dq-axis CMEs is a sinusoidal
signal, likeΔix_error = Ix_error sin(θerror + ϕx_error) , x = d, q,
error is offset error or scaling error. After being expanded, it is
the sum of sinusoidal signals with coefficients.

C. Impacts of CMEs on Motor Performance

PMSM control usually adopts the double closed-loop control
structure shown in Fig. 1. The outer loop is a common speed
PI regulator, and the inner loop can be current or torque-flux
control as required. This article mainly studies the traditional
VC, so the controller includes two dq-axis current PI regulators,
inverse Park transformation, and space voltage vector pulse
width modulation (SVPWM).

If the motor drive system is well designed, the response of
the inner loop control object is generally much shorter than the
response of the mechanical system. Therefore, when analyzing
the speed loop, the dynamic process of the inner loop can be
ignored [27]. Then, simplify Fig. 1 and use Fig. 2 to represent
it, where τ1 andτ2are the pulsating torque caused by CMEs.
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Derived from (3), the transfer function of the motor plant is

Gp (s) =
kT
Js

Gp (z) = Gp (s)
∣∣
s= 2

T
z−1
z+1

= Cp

(
2

T

z − 1

z + 1

)
. (11)

The input and output of (11) are the q-axis current and
speed, respectively, which is applied to the subsequent ASHE
algorithm. As shown in Fig. 2, the transfer function of the speed
loop is

Gt (s) =
kT kpωs+ kT kiω

Js2 + kT kpωs+ kT kiω
. (12)

The speed loop can suppress the constant disturbance caused
by the friction torque Tf and load torque TL. In [28], pulsating
torque in PMSM is usually generated by various sources, includ-
ing cogging torque, flux harmonics, and current sensor errors.
It is composed of the 1st, 2nd, 6th, and 12th harmonics with the
fundamental is the synchronous frequency. The bandwidth of the
load inertia and speed loop eliminates higher-order harmonics,
but the middle and low frequency ripples within the bandwidth
may still cause speed ripple. This article mainly focuses on the
first and second harmonics caused by CMEs.

III. IMPROVED ASHE CORRECTION STRATEGY

Since CMEs cause the first and second harmonics of the motor
speed. This article improves the ASHE algorithm that eliminates
undesirable speed harmonics. The idea of the proposed method
derives from the characteristics of CMEs, that is, the dq-axis cur-
rent errors are sinusoidal signals. The classic ASHE algorithm
eliminates the harmonics of the selected frequency from the
target, and outputs the sum of sinusoidal signals with adaptive
weights. The improved ASHE algorithm aims to suppress the
speed ripple by separately compensating the dq-axis current.

A. Classical ASHE

The LMS adaptive algorithm is characterized by parallel com-
putation, online adaptation, and simple implementation. The
classical ASHE algorithm uses the LMS algorithm to update
the weights online [24], and its structure is shown in Fig. 3.
The reference signals xc(k)and xs(k)are sinusoidal references,
k is the moment index, and T is the sampling period. In xc(k)
and xs(k), the frequency ωh = 2πfh is the selected harmonic
to be eliminated from primary input signal d(k), ε(k) is an error
estimate, and y(k) is the output signal. The error estimate ε(k) is
as follows:

ε (k) = d (k)− y (k)

= d (k)−XT (k)w (k) (13)

where X(k)is the reference vector and w(k)is weight vector,
they are defined as

XT (k) =
[
xc (k) xs (k)

]
=

[
cosωhkT sinωhkT

]
wT (k) =

[
wc (k) ws (k)

]
. (14)

Fig. 3. Structure of the classical ASHE algorithm.

The multiplication of the above two vectors can be used to
match the amplitude and phase of the sinusoidal interference in
the primary input signal. With the LMS algorithm, the adaptive
update of weights can be expressed as

w (k + 1) = w (k) + 2μ ·X (k) · ε (k) (15)

where μ is the adaptation gain constant, it regulates the con-
vergence speed and algorithm stability. By analyzing the signal
propagation in Fig. 3, the mechanism of the classical ASHE
algorithm is illustrated [26]. The transfer function G(z) from
ε(k) to y(k) in the z-domain is

G (z) =
2μ (z cosωhT − 1)

z2 − 2z cosωhT + 1
. (16)

B. Adopting Classical ASHE for q-Axis Current Compensation

In this article, the purpose is to suppress speed ripple caused
by CMEs, and the ASHE algorithm is adopted. When the ASHE
algorithm is applied, the plant should be considered. Thus,
the output y(k) is multiplied with the inverse transfer function
G−1

p (z) of the plant. In detail, the input d(k) is the speed tracking
error, the selected frequency ωh is the stator electrical frequency
corresponding to the speed reference, and the q-axis current
compensation iq_ASHE is the output. The structure diagram is
shown in Fig. 4, including the motor speed control system model
and the ASHE algorithm with G−1

p (z). ω̄ is the speed error
without the influence of CMEs, and εω is the speed error after
the influence of the q-axis CMEs Δiq, including ω̄ and speed
harmonics Δω, ω̃ are the compensated speed corresponding
to iq_ASHE, and

�

ω is the speed error after compensation. The
principle is that after compensation, the speed error εω should
be significantly reduced. G−1

p (z)is obtained from (11)
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Fig. 4. Current compensation based on the ASHE algorithm.

Fig. 5. Frequency response of G(z) with different µ.

G−1
p (s) =

Js

kT

G−1
p (z) = G−1

p (s)
∣∣
s= 2

T
z−1
z+1

= G−1
p

(
2

T

z − 1

z + 1

)
. (17)

In addition, W(z) is the transfer function, which represents
the dynamic response of the q-axis current to the speed. W(z) is
expressed as

W (s) =
Δω (s)

Δiq (s)
=

ω̃ (s)

iq_ASHE (s)
=

kT s

Js2 + kT kpωs+ kT kiω

W (z) = W (s)|s= 2
T

z−1
z+1

=W

(
2

T

z − 1

z + 1

)
. (18)

The transfer function G(z) of the ASHE algorithm can bet-
ter illustrate the extraction of harmonic components. Fig. 5
shows the frequency response curve of G(z) with different step
size μ. The selected frequency ωh is 40π rad/s. If 40π rad/s
is the second harmonic, the corresponding motor fundamental
electrical frequency should be 10 Hz, and the mechanical speed
should be 150 r/min. Through G(z), the frequency ωh part of

Fig. 6. Block diagram of the ASHE algorithm applied to current compensa-
tion.

Fig. 7. Frequency response of H(z) with different µ.

the error ε(k) is significantly increased, and the gain degree is
positively related to the step size.

In order to analyze the ASHE algorithm’s influence on the
speed error, the block diagram from the speed error εω to the
q-axis current compensation is shown in Fig. 6. The transfer
function H(z) from εω to

�

ω in the z-domain is

H (z) =
1

1 +W (z)G (z)G−1
p (z)

. (19)

The frequency response of H(z) with different step size μ is
shown in Fig. 7. It can be seen that the ASHE algorithm actually
realizes the function of a notch filter. Fig. 7 shows that the gain
of the target frequency is greatly reduced with a narrow notch.
On the other hand, at other frequencies, the gain keeps 0 dB.
This means that the proposed method can greatly mitigate the
second harmonic component of the speed without affecting other
frequency components. As step size μ increases, the notch range
becomes wider and the attenuation is aggravated accordingly.
Conversely, reducing step size μ will result in unsatisfactory
notch effects and slow convergence. Therefore, the step size μ
can neither be too large nor too small, and an appropriate value
should be selected.

Using the ASHE algorithm alters the dynamic response of
the q-axis current to the speed. The block diagram is shown in
Fig. 8, where Gω(z) is the speed PI controller

Cω (s) =
kpωs+ kiω

s

Cω (z) = Cω (s)|s= 2
T

z−1
z+1

= Cω

(
2

T

z − 1

z + 1

)
. (20)
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Fig. 8. Equivalent block diagram with q-axis current error after compensation.

Fig. 9. Frequency response of W(z) and W’(z).

The new transfer function W’(z) is written as

W ′ (z) =
Gp (z)

1 +Gp (z)
(
Cω (z) +G (z)G−1

p (z)
) . (21)

Fig. 9 shows the frequency responses of the transfer functions
W(z) and W’(z) before and after compensation. The sole differ-
ence is that the selected frequency of W’(z) is significantly at-
tenuated. Through the speed error, the applied ASHE algorithm
outputs the q-axis current compensation for the motor CMEs.

Assuming that the slowly changing weights wc(k) and ws(k)
are constant, the q-axis current compensation at instant k is

iq_ASHE = G−1
p (s) y (k)

= G−1
p (s)

(
XT (k)w (k)

)
= G−1

p (s) (wc (k)xc (k) + ws (k)xs (k)) . (22)

Combining (14) and (17), (22) can be converted to

iq_ASHE =
J

kT
s (wc (k) cosωhkT + ws (k) sinωhkT )

= ωh
J

kT
(−wc (k) sinωhkT + ws (k) cosωhkT ) .

(23)

For other constant items of reference signals’ coefficients,
because the LMS algorithm updates the weights adaptively
online, they can be ignored. The outputs of the LMS algorithm

Fig. 10. dq-axis current block diagram.

is weight vector (w∗)T = [w∗
c(k) w

∗
s(k) ] combined with the

constant terms, so (23) is rewritten as

iq_ASHE = w∗
s (k) cosωhkT − w∗

c (k) sinωhkT (24)

where {
w∗

c (k)=ωh
J
kT
wc (k)

w∗
s (k)=ωh

J
kT
ws (k) .

Although the weights’ signs change, the calculation process
of the weight adaptation is still the same as (15)

w∗ (k + 1) = w∗ (k) + 2μ ·X (k) · ε (k) . (25)

C. Improving ASHE for d-Axis Current Compensation

Through the deterministic function (17), the implemented
ASHE algorithm outputs the q-axis current compensation (24).
However, even if the q-axis current compensation reduces the
speed ripple, it fails to thoroughly suppress the negative effects
of CMEs. In the traditional VC method, when the back EMF is
ignored, the current loop model is shown in Fig. 10. The transfer
function of the current loop is described as

Cd(q) (s) =
kpd(q)s+ kid(q)

Lss2 +
(
Rs + kpd(q)

)
s+ kid(q)

. (26)

Since (26) is a second-order transfer function, the dq-axis
current harmonics generated by CMEs cannot be eliminated
by current closed loop alone. The applied ASHE algorithm
compensates the q-axis CMEs and reduces speed ripple, but does
not eliminate the d-axis CMEs, which will lead to poor current
performance, whereas, it is remarkable that there is uncertainty
in the relationship between d-axis current and speed. Therefore,
the ASHE algorithm needs to be improved to simultaneously
compensate the dq-axis CMEs.

Then, taking the fundamental frequency fe as an example,
that is ωh=ωe , (7) can be expanded as⎧⎪⎪⎨

⎪⎪⎩
Δid = I1 sin (ωhkT + ϕ1)
= I1 sinϕ1 cosωhkT + I1 cosϕ1 sinωhkT
Δiq = I1 cos (ωhkT + ϕ1)
= I1 cosϕ1 cosωhkT − I1 sinϕ1 sinωhkT.

(27)

Obviously, the q-axis current compensation output and the
dq-axis CMEs are all the weighted sums of sinusoidal signals,
so the ASHE weights can also be used to obtain d-axis current
compensation. Further improve the ASHE algorithm, combin-
ing (24) and (27), the corresponding relationship between the
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Fig. 11. Block diagram of the IASHE algorithm.

Fig. 12. Block diagram of the IASHE algorithm for the motor CMEs problem.

weights is as follows:{
I1 sinϕ1=w

∗
c (k)

I1cosϕ1=w
∗
s (k) .

(28)

Thus, the d-axis current compensation is obtained

id_ASHE = w∗
c (k) cosωhkT + w∗

s (k) sinωhkT. (29)

Using (24), (25), and (29), the proposed method compensates
the dq-axis CMEs simultaneously and respectively.

D. Implementation of Improved ASHE on VC

Combined with the improved ASHE (IASHE) algorithm,
Fig. 11 shows the block diagram of IASHE algorithm. The
inputs are the speed error εω and the reference vector X(k), and
the outputs are the dq-axis current compensation id_ASHE and
iq_ASHE. The complexity of the calculation process does not
increase. Besides, none of the motor parameters are required.

For other harmonics, such as double fundamental frequency,
a second block can be added to the first block of the fundamental
frequency to expand and eliminate harmonic components. The
IASHE algorithm for the motor CMEs problem is shown in
Fig. 12. The added block only changes frequency of the reference
signals, and the outputs are summed up accordingly. Further-
more, similar blocks can also be used for other higher-order
harmonics.

In terms of traditional VC method, the controller includes
two PI regulators, inverse Park transform and SVPWM. Fig. 13
illustrates the implementation of the IASHE algorithm on VC

Fig. 13. Implementation of IASHE algorithm on VC method of PMSMs.

TABLE I
SYSTEM PARAMETERS

Fig. 14. Experimental platform.

method. The algorithm is designed to compensate the dq-axis
synchronous currents. Obviously, the proposed method does not
change the traditional control structure. Therefore, the modifi-
cations to other modern control technologies are the same as that
of VC.
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Fig. 15. Waveforms before and after compensation: (from top to bottom) speed, q-axis current, and d-axis current. (a) 300 r/min, ASHE algorithm. (b) 300 r/min,
IASHE algorithm. (c) 150 r/min, ASHE algorithm. (d) 150 r/min, IASHE algorithm.

Fig. 16. FFT analysis of speed error, q-axis, and d-axis currents, (blue, red, and orange are without compensation, compensation by ASHE algorithm, and IASHE
algorithm). (a) 300 r/min. (b) 150 r/min.

In the proposed method, the key parameter is the step sizeμ of
the LMS algorithm, which is related to the stability of the system
and the speed of convergence. Regarding system stability,μ does
not allow arbitrary settings. Generally, the larger μmay increase
the convergence speed, but also easily triggers instability. On

the other hand, if the step size μ is small, the convergence speed
will be slow, resulting in unsatisfactory performance. Therefore,
the step size μ should be appropriate, neither too large nor
too small. When debugging, a smaller value can be gradually
increased to achieve a satisfactory result. This article mainly
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Fig. 17. Three phase currents. (a) 300 r/min. (b) 150 r/min.

Fig. 18. Weights of IASHE algorithm. (a) 300 r/min. (b) 150 r/min.

tests the effectiveness of the proposed method, so the standard
LMS algorithm is adopted with μ = 5e − 6.

IV. EXPERIMENTAL RESULTS

The application of the proposed method in VC has been tested
in a SPMSM 2L-VSI drive platform. The system parameters are
shown in Table I, and Fig. 14 is the photograph of the equipment.
The load side machine is an FZ 25. J magnetic powder brake,

Fig. 19. Experimental results of different step sizes and speeds. (a) Peak-
to-peak value measurement comparison of speed ripple error before and after
compensation. (b) Peak-to-peak value of speed ripple error after compensation.
(c) Convergence time required for stabilization.

which is driven by an SC-1D tension controller. This article uses
the DSP-F28335 embedded platform to implement algorithms,
and the control period is 62.5 μs, that is, the interrupt frequency
is 16 kHz. The currents are sampled through 12-bit ADCs, and
the integrated low side resistive shunts are used to measure the
currents.

Fig. 15 shows the waveforms before and after compensation
using the ASHE and proposed IASHE algorithms with reference
speeds of 300 and 150 r/min. Before compensation, CMEs cause
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dq-axis current and speed ripples. As the speed increases, the sta-
tor electrical frequency and speed harmonic frequency become
higher. After the ASHE algorithm performs compensation, the
speed and q-axis current ripples are suppressed. However, the
d-axis current still has obvious ripple, which indicates that the
d-axis CMEs are not eliminated. Using the IASHE algorithm, the
d-axis current ripple is also suppressed. The proposed IASHE
algorithm compensates dq-axis CMEs and suppresses speed
ripple.

Fig. 16 shows the FFT results before and af-
ter compensation using the ASHE and proposed
IASHE algorithms. When the speed references are
300 and 150 r/min, the stator electrical frequencies are 20
and 10 Hz, respectively. When the speed is 300 r/min, Fig. 16(a)
shows that the ripples mainly concentrate on the fundamental
frequency. In Fig. 16(b), the speed is 150 r/min and the
double fundamental harmonic increases. The reason for this
phenomenon is consistent with the analysis in Section II-C: due
to the existence of the speed PI regulator and the moment of
inertia bandwidth, even if scaling error exists, no higher order
harmonics like double fundamental frequency are observed.
Compared with the ASHE algorithm, the improved algorithm
not only attenuates the harmonics of speed and q-axis current,
but also d-axis current.

The three phase current waveforms before and after com-
pensation by IASHE algorithm are shown in Fig. 17. After
compensation, the distorted three phase currents are restored
to balance. It shows that the simultaneous compensation of the
dq-axis current is to correct CMEs. The method proposed in this
article suppresses the negative effects of CMEs.

The phenomenon of weights in Fig. 18 also reflects the
working mechanism of the proposed method. Wc1 and Ws1 are
the weights of the first block, and Wc2 and Ws2 represent the
weights of the second block. After starting the compensation, the
weights change until reaching a stable mutual equilibrium state.
These adaptive weights are linearly combined with sinusoidal
signals of known electrical frequency to counteract the dq-axis
CMEs.

Fig. 19 shows the experimental results of different speeds
and step sizes. In Fig. 19(a), as the speed increases, the speed
ripple decreases. It is consistent with the above analysis. Due
to the bandwidth of the speed PI regulator and the moment
of inertia, the higher harmonics of the speed are suppressed.
After the compensation of the proposed method, the speed error
is significantly reduced. The compensation effect and time of
reaching steady state are shown in Fig. 19(b) and (c). As step
size increases, the convergence speed increases, and the time
for stabilization decreases, but the error reduction effect is not
good. Conversely, when step size reduces, the notch effect is not
ideal, and the convergence time is greatly increased. Therefore,
considering the overall performance, the step size in this article
is 5e − 6, which is the red line part of Fig. 19(b) and (c).

V. CONCLUSION

The problem of CMEs in the motor produces speed and
torque ripples with one and twice the stator electrical frequency.

This article proposes a CME correction method for PMSMs.
The improved ASHE algorithm is used to directly estimate and
compensate the dq-axis CMEs. In terms of performance, speed
ripple is suppressed, the three phase currents are restored to
balance, and the negative effects of CMEs are suppressed.

The main contributions of this article are that the ASHE
algorithm is adopted to solve the CME problem, and compen-
sates q-axis current with the deterministic functional relationship
between speed and q-axis current. In addition, for no explicit
connection between speed and d-axis current, this article uses
the mutual deterministic connection of dq-axis CMEs to obtain
the d-axis current compensation.

The proposed method does not require additional sensor,
motor parameter, and complex calculation process. Besides, it
does not change the structure of modern motor control tech-
nologies and has wide applicability. Except for the common
VC, the proposed method is suitable for other technologies,
such as direct torque control and model predictive control. The
higher-order harmonics can also be the targets for the improved
ASHE algorithm.

REFERENCES

[1] Y. Yang et al., “Design and comparison of interior permanent magnet
motor topologies for traction applications,” IEEE Trans. Transp. Electrif.,
vol. 3, no. 1, pp. 86–97, Mar. 2017.

[2] S. Li, B. Sarlioglu, S. Jurkovic, N. R. Patel, and P. Savagian, “Comparative
analysis of torque compensation control algorithms of interior permanent
magnet machines for automotive applications considering the effects
of temperature variation,” IEEE Trans. Transp. Electrif., vol. 3, no. 3,
pp. 668–681, Sep. 2017.

[3] Z. Yang, F. Shang, I. P. Brown, and M. Krishnamurthy, “Comparative study
of interior permanent magnet, induction, and switched reluctance motor
drives for EV and HEV applications,” IEEE Trans. Transp. Electrif., vol. 1,
no. 3, pp. 245–254, Oct. 2015.

[4] S. Choi et al., “Fault diagnosis techniques for permanent magnet AC
machine and Drives—A review of current state of the art,” IEEE Trans.
Transp. Electrif., vol. 4, no. 2, pp. 444–463, Jun. 2018.

[5] H. A. Young, M. A. Perez, J. Rodriguez, and H. Abu-Rub, “Assessing
finite-control-set model predictive control: A comparison with a linear
current controller in two-level voltage source inverters,” IEEE Ind. Elec-
tron. Mag., vol. 8, no. 1, pp. 44–52, Mar. 2014.

[6] J. Holtz, “Advanced PWM and predictive control—An overview,” IEEE
Trans. Ind. Electron., vol. 63, no. 6, pp. 3837–3844, Jun. 2016.

[7] J. Holtz and Q. Juntao, “Drift- and parameter-compensated flux estimator
for persistent zero-stator-frequency operation of sensorless-controlled in-
duction motors,” IEEE Trans. Ind. Appl., vol. 39, no. 4, pp. 1052–1060,
Jul./Aug. 2003.

[8] J. Lu, Y. Hu, G. Chen, Z. Wang, and J. Liu, “Mutual calibration of multiple
current sensors with accuracy uncertainties in IPMSM drives for electric
vehicles,” IEEE Trans. Ind. Electron., vol. 67, no. 1, pp. 69–79, Jan. 2020.

[9] S. K. Kommuri, S. B. Lee, and K. C. Veluvolu, “Robust sensors-fault-
tolerance with sliding mode estimation and control for PMSM drives,”
IEEE-ASME Trans. Mechatron., vol. 23, no. 1, pp. 17–28, Feb. 2018.

[10] Q. N. Trinh, P. Wang, Y. Tang, L. H. Koh, and F. H. Choo, “Compensation
of DC offset and scaling errors in voltage and current measurements of
three-phase AC/DC converters,” IEEE Trans. Power Electron., vol. 33,
no. 6, pp. 5401–5414, Jun. 2018.

[11] W. Qian, S. K. Panda, and J.-X. Xu, “Torque ripple minimization in PM
synchronous motors using iterative learning control,” IEEE Trans. Power
Electron., vol. 19, no. 2, pp. 272–279, Mar. 2004.

[12] M. Hu, W. Hua, Z. Wu, N. Dai, H. Xiao, and W. Wang, “Compensation of
current measurement offset error for permanent magnet synchronous ma-
chines,” IEEE Trans. Power Electron., vol. 35, no. 10, pp. 11119–11128,
Oct. 2020.

[13] C. Dae-Woong and S. Seung-Ki, “Analysis and compensation of current
measurement error in vector-controlled AC motor drives,” IEEE Trans.
Ind. Appl., vol. 34, no. 2, pp. 340–345, Mar./Apr. 1998.



13138 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

[14] J. Richter and M. Doppelbauer, “Control and mitigation of current har-
monics in inverter-fed permanent magnet synchronous machines with
non-linear magnetics,” IET Power Electron., vol. 9, no. 10, pp. 2019–2026,
Apr. 2016.

[15] Y. Yan, J. Yang, Z. Sun, C. Zhang, S. Li, and H. Yu, “Robust speed
regulation for PMSM servo system with multiple sources of disturbances
via an augmented disturbance observer,” IEEE-ASME Trans. Mechatron.,
vol. 23, no. 2, pp. 769–780, Apr. 2018.

[16] K. R. Cho and J. K. Seok, “Correction on current measurement errors for
accurate flux estimation of AC drives at low stator frequency,” IEEE Trans.
Ind. Appl., vol. 44, no. 2, pp. 594–603, Mar./Apr. 2008.

[17] H. S. Jung, S. H. Hwang, J. M. Kim, C. U. Kim, and C. Choi, “Diminution
of current-measurement error for vector-controlled ac motor drives,” IEEE
Trans. Ind. Appl., vol. 42, no. 5, pp. 1249–1256, Sep./Oct. 2006.

[18] M. C. Harke, J. M. Guerrero, M. W. Degner, F. Briz, and R. D. Lorenz,
“Current measurement gain tuning using high-frequency signal injection,”
IEEE Trans. Ind. Appl., vol. 44, no. 5, pp. 1578–1586, Sep./Oct. 2008.

[19] M. C. Harke and R. D. Lorenz, “The spatial effect and compensation of
current sensor differential gains for three-phase three-wire systems,” IEEE
Trans. Ind. Appl., vol. 44, no. 4, pp. 1181–1189, Jul./Aug. 2008.

[20] B. Widrow and D. Stearns, Adaptive Signal Processing. Englewood Cliffs,
NJ, USA: Prentice-Hall, 1985.

[21] V. Blasko, “A novel method for selective harmonic elimination in power
electronic equipment,” IEEE Trans. Power Electron., vol. 22, no. 1,
pp. 223–228, Jan. 2007.

[22] V. Blasko, L. Arnedo, P. Kshirsagar, and S. Dwari, “Control and elimina-
tion of sinusoidal harmonics in power electronics equipment: A system
approach,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2011,
pp. 2827–2837.

[23] R. R. Pereira, C. H. da Silva, L. E. B. da Silva, G. Lambert-Torres, and J.
O. P. Pinto, “New strategies for application of adaptive filters in active
power filters,” IEEE Trans. Ind. Appl., vol. 47, no. 3, pp. 1136–1141,
May/Jun. 2011.

[24] J. Hong and R. Cao, “Adaptive selective harmonic elimination model
predictive control for three-level T-Type inverter,” IEEE Access, vol. 8,
pp. 157983–157994, Aug. 2020.

[25] G. Zhang, G. Wang, D. Xu, and N. Zhao, “ADALINE-network-based
PLL for position sensorless interior permanent magnet synchronous motor
drives,” IEEE Trans. Power Electron., vol. 31, no. 2, pp. 1450–1460,
Feb. 2016.

[26] Z. Tang and B. Akin, “A new LMS algorithm based deadtime compen-
sation method for PMSM FOC drives,” IEEE Trans. Ind. Appl., vol. 54,
no. 6, pp. 6472–6484, Nov./Dec. 2018.

[27] N. Liu, C. Xia, Z. Zhou, Y. Yan, and T. Shi, “Smooth speed control for
permanent magnet synchronous motor using proportional gain compensa-
tion,” Diangong Jishu Xuebao/Trans. China Electrotechnical Soc., vol. 33,
no. 17, pp. 4007–4015, 2018.

[28] J. Yang, W.-H. Chen, S. Li, L. Guo, and Y. Yan, “Disturbance /uncertainty
estimation and attenuation techniques in PMSM Drives—A survey,” IEEE
Trans. Ind. Electron., vol. 64, no. 4, pp. 3273–3285, Apr. 2017.

Kai Zhang (Graduate Student Member, IEEE) re-
ceived the B.S. degree in engineering in 2019 from
Soochow University, Suzhou, China, where he is cur-
rently working toward the M.S. degree in engineering
with the School of Rail Transportation.

His research interest includes model predictive
control for electric drives.

Mingdi Fan (Senior Member, IEEE) received the
B.S. degree in electrical engineering and the Ph.D.
degree in detection technology and automation device
from Northwestern Polytechnical University, Xi’an,
China, in 2008 and 2014, respectively.

From 2010 to 2011, he was a Visiting Scholar
with the University of Kassel, Kassel, Germany. He
is currently an Associate Professor with the School
of Rail Transportation, Soochow University, Suzhou,
China. His current research interests include model
predictive control for power converters and motor
drives.

Yong Yang (Senior Member, IEEE) received the B.S.
degree in automation from Xiangtan University, Xi-
angtan, China, in 2003, the M.S. degree in electri-
cal engineering from Guizhou University, Guiyang,
China, in 2006, and the Ph.D. degree in electri-
cal engineering from Shanghai University, Shanghai,
China, in 2010.

From 2017 to 2018, he was a Visiting Scholar with
the Center for High Performance Power Electronics
(CHPPE), The Ohio State University, Columbus, OH,
USA. He is currently an Associate Professor with the

School of Rail Transportation, Soochow University, Suzhou, China. He has
coauthored more than 60 journal articles and conference papers. His current
research interests include model predictive control in power electronic convert-
ers, distributed energy resource interfacing, and high-performance motor drive
control.

Zhongkui Zhu received the B.S and M.S. degrees in
vehicle engineering from Hefei University of Tech-
nology, Hefei, China, in 1997 and 2002, respectively,
and the Ph.D degree in instrumentation science and
technology from the University of Science and Tech-
nology of China, Hefei, China, in 2002.

From 2005 to 2012, he was a Lecturer and an As-
sociate Professor with the School of Mechanical and
Electrical Engineering, Soochow University, Suzhou,
China. Since 2012, he has been a Professor with the
School of Rail Transportation, Soochow University.

He is the author of more than 100 articles. His research interests include system
monitoring and diagnostics, signal processing, and vehicle system dynamics and
control.

Cristian Garcia (Member, IEEE) received the
M.Sc. and Ph.D. degrees in electronics engineering
from the Universidad Tecnica Federico Santa Maria
(UTFSM), Valparaiso, Chile, in 2013 and 2017, re-
spectively.

In 2016, he was a Visiting Ph.D. Student with the
Power Electronics Machines and Control (PEMC)
Group, University of Nottingham, Nottingham, U.K.
From 2017 to 2019, he was an Assistant Professor
with the Engineering Faculty, Universidad Andres
Bello, Santiago, Chile. Since 2019, he has been with

the Department of Electrical Engineering, University of Talca, Curico, Chile,
where he is currently an Assistant Professor. His research interests include
electric transportation applications, variable-speed drives, and model predictive
control of power converters and drives.

Jose Rodriguez (Life Fellow, IEEE) received the
Engineering degree in electrical engineering from
the Universidad Tecnica Federico Santa Maria, Val-
paraiso, Chile, in 1977, and the Dr.-Ing. degree in
electrical engineering from the University of Erlan-
gen, Erlangen, Germany, in 1985.

Since 1977, he has been with the Department of
Electronics Engineering, Universidad Tecnica Fed-
erico Santa Maria, where he was a Full Professor and
the President. Since 2015, he has been the President,
and since 2019, he has been a Full Professor with

Universidad Andres Bello, Santiago, Chile. He has coauthored two books,
several book chapters, and more than 400 journal and conference papers. His
main research interests include multilevel inverters, new converter topologies,
control of power converters, and adjustable-speed drives.

Dr. Rodriguez is a member of the Chilean Academy of Engineering. He was
the recipient of a number of best paper awards from journals of the IEEE. In 2014,
he was the recipient of the National Award of Applied Sciences and Technology
from the Government of Chile. In 2015, he was the recipient of the Eugene
Mittelmann Award from the Industrial Electronics Society of the IEEE. From
2014 to 2019, he has been included in the list of Highly Cited Researchers
published by Web of Science.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


