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Abstract—To overcome the shortcomings of the conventional
continuous control set model predictive current control (CCS-
MPCC), such as large overshoot and poor robustness, an ex-
tended surface-mounted permanent magnet synchronous mo-
tor (SPMSM) model-based multistep error tracking CCS-MPCC
(MSET-CCSMPCC) is proposed in this article. First, a tradi-
tional CCS-MPCC is derived based on the conventional SPMSM
model and its robustness is analyzed by considering the parame-
ter mismatches. Second, an extended SPMSM model is given by
incorporating the lumped disturbances into one disturbance part.
Third, a sliding mode differentiator improved fast terminal sliding
mode disturbance observer is designed to track the disturbances.
Fourth, by compensating the extended SPMSM model for the
estimated d- and q-axes disturbances, an extended SPMSM model-
based CCS-MPCC (EXM-CCSMPCC) is designed. However, the
EXM-CCSMPCC has serious step response overshoot. Fifth, an
extended SPMSM model-based single step error tracking CCS-
MPCC is presented, whose dynamic response and steady-state
performances deteriorate when the overshoot is reduced. Finally,
an MSET-CCSMPCC is proposed to reduce the overshoot and
improve the robustness while maintaining excellent dynamic and
steady-state performances. Experiments are implemented on a
field-programmable gate array based hardware system to verify
the excellent performances of the proposed method.

Index Terms—Fast terminal sliding mode disturbance observer
(FTSMDO), model-based predictive current control (MPCC),
multistep error tracking, permanent magnet synchronous machine
(PMSM).

I. INTRODUCTION

P ERMANENT magnet synchronous motor (PMSM) has
been widely employed in the industrial fields owning to its

superior performances [1], [2]. Digitally controlled systems are
required for high-performance PMSM operations, which largely
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prompt efficiency and precision. Field-oriented control (FOC)
is one of the most popular digital control methods applied in
the industry, which can independently control the torque and
magnetizing flux [3].

In a classical FOC method, the inner current control loop de-
termines the dynamic and steady-state performances of the stator
current. In addition to the traditional proportional-integral (PI)
control [4], many advanced current control methods have been
proposed to improve the performances of the stator current, such
as deadbeat-based predictive current control (DPCC) [5], [6],
model-based predictive current control (MPCC) [7], [8], hys-
teresis current control [9], and so on. Among these methods,
MPCC is one of the most popular strategies for current control,
owing to its fast dynamic response and superior robustness [10].
The finite control set MPCC (FCS-MPCC) determines the opti-
mal voltage vector by minimizing the predefined cost index [11].
Although an excellent transient performance is achieved, the
FCS-MPCC causes large current and torque ripples. The con-
tinuous control set MPCC (CCS-MPCC), which is an important
branch of MPCC, calculates the voltage reference by minimizing
the predefined cost index [12]. The derived voltage reference
is translated into switching signals by space vector pulsewidth
modulation (SVPWM). Comparing with the FCS-MPCC, the
CCS-MPCC causes smaller current ripples and requires fewer
computation efforts [13]. However, conventional CCS-MPCC is
sensitive to the parameter mismatches [14], which may induce
steady-state error.

Surface-mounted PMSM (SPMSM) is a nonlinear and strong
coupling control system where system parameter mismatches
and external disturbances are inevitable, and deteriorate the
performances of control algorithms. Disturbance observer (DO)-
based control is one of the most effective antidisturbance meth-
ods [15]–[20]. Wang et al. [15] presented a finite-time DO to
estimate the load disturbances. Combining with the nonsingular
terminal sliding-mode control, an excellent disturbance rejection
ability is acquired. A discrete Luenberger DO is designed to
improve the robustness against parameter variations in [16], and
as a result, a high-performance current control is achieved. Luen-
berger observer, which is a kind of linear observer, is widely used
due to its intuitive structure. However, the Luenberger observer
is sensitive to parameter variations, which results in inaccurate
state estimation. To solve this problem, nonlinear DOs have re-
ceived more and more attention. Sliding mode observer (SMO) is
one of the most popular nonlinear observers, which is employed
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in a lot of high-performance SPMSM drives [17]–[20]. Lumped
disturbances estimated by the SMO are fed forward to compen-
sate the sliding mode controller in [17]. A lot of research works
have been conducted on the well-known chattering problem in
the traditional SMO, which may cause high-frequency dynam-
ics [18]. Zhang et al. [19] proposed a sliding-mode reaching
law, which reduces chatter while maintaining robust tracking
performance. A unified high-order SMO (HSMO) has been
designed in [20], which effectively reduces chatter.

In this article, an extended SPMSM model-based multistep
error tracking CCS-MPCC (MSET-CCSMPCC) is proposed to
reduce the overshoot of the current step response and improve
the robustness of the conventional CCS-MPCC. An extended
SPMSM model is given by incorporating the external distur-
bances and parameter variations into a disturbance part. To track
the disturbance fast and accurately, a sliding mode differentiator
(SMD) improved fast terminal sliding mode DO (FTSMDO)
is designed. An extended SPMSM model-based CCS-MPCC
(EXM-CCSMPCC) combining CCS-MPCC and FTSMDO is
derived, which improves the robustness against lumped dis-
turbances. The EXM-CCSMPCC exhibits high performances
on dynamic response and steady state. However, there is an
overshoot in the step response test, which limits its use. To solve
the problem, an MSET-CCSMPCC is proposed finally, which
reduces the overshoot while keeping excellent steady-state and
dynamic response performances. Experiments were carried out
on a field-programmable gate array (FPGA) based hardware
system to verify the proposed methods.

The rest of the article is structured as follows. In Section II, a
conventional CCS-MPCC is derived on the basis of the classical
SPMSM model. In Section III, an extended SPMSM model
is presented by considering the lumped disturbances, and an
FTSMDO is designed to estimate the disturbance part of the
model. Then, an extended SPMSM model-based CCS-MPCC
(EXM-CCSMPCC) is proposed. To reduce the overshoot of
the EXM-CCSMPCC in the step response test, a single step
error tracking CCS-MPCC (SSET-CCSMPCC) is derived by
assuming the error between the given current and feedback
current to converge exponentially. Finally, an MSET-CCSMPCC
is proposed to further improve the performances. In Section IV,
experiments were carried out on an FPGA-based hardware
system and the results are presented and analyzed. At last, the
conclusion is drawn in Section V.

II. PMSM MODEL AND CONVENTIONAL CCS-MPCC

A. Modeling of the SPMSM

In a synchronous rotating frame, the current equations of an
SPMSM can be denoted as [21]{

i̇d =
1
L (ud −Rid + Lpωmiq)

i̇q =
1
L (uq −Riq − Lpωmid − ψrpωm)

(1)

where ud and uq mean the stator voltages of the d- and q-axes,
respectively,L is the stator inductance,R is the stator resistance,
id and iq are the stator currents of the d- and q-axes, respectively,
ψr is the permanent magnet flux linkage, p is the number of pole
pairs, and ωm is the rotor angular velocity.

B. Conventional CCS-MPCC

According to Euler formula, (1) can be discretized as⎧⎪⎪⎨
⎪⎪⎩
id(k + 1) = id(k) +

Tc

L (ud(k)−Rid(k)
+ Lpωm(k)iq(k))

iq(k + 1) = iq(k) +
Tc

L (uq(k)−Riq(k)
− Lpωm(k)id(k)− ψrpωm(k))

(2)

where Tc is the current loop control period.
The cost index of the conventional CCS-MPCC is defined as

J(k) = (i∗d(k)− id(k + 1))2 (3)

+ λ(i∗q(k)− iq(k + 1))2 (4)

where i∗d is the d-axis current reference, i∗q is the q-axis current
reference, and λ is the weight coefficient. To optimize the control
object, J(k) in (3) is minimized by calculating appropriate
voltage variables ud(k) and uq(k), which yields{

∂J(k)
∂ud(k)

= 0
∂J(k)
∂uq(k)

= 0.
(5)

By solving the simultaneous (2), (3), and (5), the optimized
voltage variables ud(k) and uq(k) are obtained⎧⎪⎨

⎪⎩
ud(k) = L

i∗d(k)−id(k)
Tc

+Rid(k)− Lpωm(k)iq(k)

uq(k) = L
i∗q(k)−iq(k)

Tc
+Riq(k) + Lpωm(k)id(k)

+ ψrpωm(k).

(6)

C. Parameter Sensitivity Analysis

The parameters of the prediction model (2) include stator re-
sistance, stator inductance, and permanent magnet flux linkage,
which vary with the operating environment. The performance of
the controller (6) would be deteriorated by the parameter varia-
tions and nonlinearity. AssumeRv = Rn +Rδ,Lv = Ln + Lδ ,
ψrv = ψrn + ψrδ , where Rδ , Lδ , and ψrδ are the parameter
variations, Rn, Ln, and ψrn are the real parameter values.
Applying Rv, Lv , and ψrv to (6), it derives⎧⎪⎪⎪⎨
⎪⎪⎪⎩
udδ (k) = Ln

i∗d(k)−id(k)
Tc

+Rnid(k)

−Lnpωm(k)iq(k) + Δud(k)

uqδ (k) = Ln
i∗q(k)−iq(k)

Tc
+Rniq(k)

+Lnpωm(k)id(k) + ψrnpωm(k) + Δuq(k)

(7)

where Δud(k) = Lδ
i∗d(k)−id(k)

Tc
+Rδid(k)− Lδpωm(k)iq(k),

Δuq(k) = Lδ
i∗q(k)−iq(k)

Tc
+Rδiq(k) + Lδpωm(k)id(k) +

ψrδpωm(k). Substituting (7) into (2), it derives{
id(k + 1) = i∗d(k) + Δud(k)

Tc

Ln

iq(k + 1) = i∗q(k) + Δuq(k)
Tc

Ln
.

(8)

From (8), it can be found that errors between the reference
currents and the feedback currents are induced by the parameter
mismatches. In the following section, improved CCS-MPCC
methods are proposed to track the currents accurately.
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III. EXTENDED SPMSM MODEL AND PROPOSED CCS-MPCC

A. Extended SPMSM Model

The lumped disturbances of d- and q-axes can be regarded as
nd =

ud

L − u∗
d

LN
− Rid

L + pωmiq and nq =
uq

L − u∗
q

LN
− Riq

L −
pωmid − ψrpωm

L , where LN is the nominal stator inductance.
The current equations of an SPMSM are denoted as{

i̇d =
u∗
d

LN
+ nd

ṅd = ad
(9)

{
i̇q =

u∗
q

LN
+ nq

ṅq = aq
(10)

where u∗d and u∗q are the voltage references to d- and q-axes,
respectively, ad and aq are the variation rates of the lumped
disturbances.

B. Fast Terminal Sliding Mode DO Design

To track the lumped disturbances, an FTSMDO can be de-
signed as {

˙̂id =
u∗
d

LN
+ n̂d +Nd0

˙̂nd = Nd1
(11)

{
˙̂iq =

u∗
q

LN
+ n̂q +Nq0

˙̂nq = Nq1
(12)

where îd, îq , n̂d, and n̂q are the estimations of id, iq , nd, and nq ,
respectively; and Nd0, Nd1, Nq0, Nq1 are sliding mode control
functions. By subtracting (9) to (11) and (10) to (12), the system
error state equations are derived as{

ėd = end −Nd0
ėnd = ad −Nd1

(13)

{
ėq = enq −Nq0
ėnq = aq −Nq1

(14)

where ed = id−îd , end = nd − n̂d, eq = iq−îq , and enq = nq −
n̂q .

To obtain finite-time convergence and good tracking accuracy,
the FTSMDO surfaces are given as [22]{

sd = ėd + αded + βd |ed|γd sign(ed) = 0
snd = ėnd + αndend + βnd |end|γnd sign(end) = 0

(15)

{
sq = ėq + αqeq + βq |eq|γq sign(eq) = 0
snq = ėnq + αnqenq + βnq |enq|γnq sign(enq) = 0

(16)

where αd > 0, βd > 0, 0 < γd < 1, αnd
> 0, βnd

> 0, 0 <
γnd

< 1, αq > 0, βq > 0, 0 < γq < 1, αnq
> 0, βnq

> 0, and
0 < γnq

< 1.
Substituting (13) to (15) and (14) to (16), and considering

end, enq , ad, and aq as the disturbances of control functions,
respectively, the FTSMDO control functions can be derived as{

Nd0 = αded + βd |ed|γd sign(ed)
Nd1 = αndend + βnd |end|γnd sign(end)

(17)

{
Nq0 = αqeq + βq |eq|γq sign(eq)
Nq1 = αnqenq + βnq |enq|γnq sign(enq).

(18)

The d-axis FTSMDO is analyzed as follows, and the results are
also applicable to the q-axis FTSMDO.

1) Stability of the Observer: A Lyapunov function is con-
structed as Vd = 1

2s
2
d. Its time derivative is given as

V̇d = sdṡd. (19)

Combining the first equations of (13), (15), and (17), the surface
sd can be derived as

sd = end. (20)

According to (20) and the second equation of (13), the deriva-
tive of sd with respect to time is

ṡd = ad −Nd1. (21)

Then, substituting (20) and (21) to (19), V̇d can be calculated
as

V̇d = adsd −Nd1sd. (22)

Substitute the second equation of (17) to (22), and the V̇d can be
derived as

V̇d = adsd − (αnds
2
d + βnd |sd|γnd |sd|)

≤ |sd| (|ad| − αnd |sd| − βnd |sd|γnd). (23)

Therefore, when |ad| < αnd|sd|+ βnd|sd|γnd , it obtains V̇d < 0
(sd �= 0). Considering the control period of the current loop is so
short that ad can be regarded as zero, V̇d < 0 (sd �= 0) is drawn
when αnd > 0 and βnd > 0. Thus, according to the Lyapunov
stability theorem, the FTSMDO surface is reached in a finite
time and stay on it thereafter. The following equation is obtained
accordingly

ėd = −αded − βd |ed|γd sign(ed). (24)

Assuming the initial ed does not stay at zero and the γd is well
chosen, ed = 0 can be reached in a finite time. According to
(24), the physical interpretation can be depicted as follows.

1) If ed stays far away from zero, it obtains ėd ≈ −αded,
which means the ed converges exponentially.

2) If ed stays close to zero, it obtains ėd ≈
−βd|ed|γdsign(ed), which becomes a terminal attractor.

By substituting ed = 0 into (24), it obtains ed = ėd = 0,
which means the designed FTSMDO has the properties of the
HSMO [23]. From (20), end vanishes to zero with time as well
as sd.

2) Reaching time of ed: By solving (24), the precise time to
arrive at ed = 0 can be derived as

td =
1

αd(1− γd)
ln
αd |ed(0)|1−γd + βd

βd
. (25)

3) Calculation of ėd: Let ėd = x. In common, x is calcu-
lated as x ≈ 1

Tc
(ed(k)− ed(k − 1)), which is sensitive to the

noise [24]. To improve the quality of ėd, an exponential reaching
law based SMD is given as follows [25]:{

˙̂ed = x̂− ld0sign(êd − ed)− ld1(êd − ed)
˙̂x = −ld2sign(êd − ed)− ld3(êd − ed)

(26)
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Fig. 1. Block diagram of the EXM-CCSMPCC.

where êd is the estimated value of ed, x̂ is the derivative of
êd, which derives x ≈ x̂, ld0 > 0, ld1 > 0, ld2 > 0, ld3 > 0.

C. Extended SPMSM Model-Based CCS-MPCC

Substitute the estimated n̂d, n̂q to the extended SPMSM
model, and it can be rewritten as{

i̇d =
u∗
d

LN
+ n̂d

i̇q =
u∗
q

LN
+ n̂q

(27)

Equation (27) can be discretized as{
id(k + 1) = id(k) + Tc(

u∗
d(k)

LN
+ n̂d(k))

iq(k + 1) = iq(k) + Tc(
u∗
q(k)

LN
+ n̂q(k)).

(28)

The cost index of the EXM-CCSMPCC is defined as

Je(k) = (i∗d(k)− id(k + 1))2

+ λ(i∗q(k)− iq(k + 1))2. (29)

The cost index Je(k) in (29) is minimized by calculating appro-
priate voltage variables u∗d(k) and u∗q(k), which yields{

∂Je(k)
∂u∗

d(k)
= 0

∂Je(k)
∂u∗

q(k)
= 0.

(30)

By solving the simultaneous (28), (29), and (30), the opti-
mized voltage variables u∗d(k) and u∗q(k) are derived as{

u∗d(k) = LN
i∗d(k)−id(k)

Tc
− LN n̂d(k)

u∗q(k) = LN
i∗q(k)−iq(k)

Tc
− LN n̂q(k).

(31)

Fig. 1 shows the diagram of the EXM-CCSMPCC and the
flowchart of the EXM-CCSMPCC is shown in Fig. 5(a). The
cost index of the proposed EXM-CCSMPCC is constructed to
achieve the fastest tracking, and as a result, the id and iq track
the i∗d and i∗q as fast as possible. However, serious overshoot
occurs in the step response test by using the EXM-CCSMPCC.
To eliminate the overshoot, a new cost index is constructed in
the next section.

1) Stability of the EXM-CCSMPCC: A lyapunov function is
constructed as (32) to prove that the eid = i∗d − id and eiq =
i∗q − iq vanish with time when the current controller (31) is
applied {

Vid = 1
2e

2
id

Viq = 1
2e

2
iq.

(32)

Derivations of the Vid and Viq are calculated as{
dVid

dt = −eid( u
∗
d

LN
+ nd) = − e2id

Tc
− eidend

dViq

dt = −eiq( u
∗
q

LN
+ nq) = − e2iq

Tc
− eiqenq

(33)

where the end and enq decrease over time when the FTSMDOs
are applied. Therefore, the eid and eiq vanish with time.

D. Extended SPMSM Model-Based Single Step Error
Tracking CCS-MPCC

Let {
Δd = i∗d − id
Δq = i∗q − iq.

(34)

Assume the errors between the given currents and the pre-
dicted currents converge exponentially, namely, Δd = e−ρt,
Δq = e−ρt. The time derivatives of Δd and Δq can be derived
as {

Δ̇d = −ρΔd

Δ̇q = −ρΔq.
(35)

Let η = (1− Tcρ), and (35) can be discretized as{
Δd(k + 1) = ηΔd(k)
Δq(k + 1) = ηΔq(k)

(36)

where 0 < η < 1.
Therefore, the cost index of the SSET-CCSMPCC is designed

as

JΔ(k) = λd0(Δd(k)η −Δd(k + 1))2

+ λq0(Δq(k)η −Δq(k + 1))2. (37)

If the cost functionJΔ(k) in (37) is minimized, (35) is approx-
imately satisfied. Thus, the Δd and Δq converge exponentially.

According to (34), it obtains⎧⎪⎪⎨
⎪⎪⎩

Δd(k) = i∗d(k − 1)− id(k)
Δq(k) = i∗q(k − 1)− iq(k)
Δd(k + 1) = i∗d(k)− id(k + 1)
Δq(k + 1) = i∗q(k)− iq(k + 1).

(38)

Substituting (28) and (38) into (37), and solving ∂JΔ(k)
∂u∗

d(k)
= 0,

∂JΔ(k)
∂u∗

q(k)
= 0, it obtains

⎧⎪⎪⎨
⎪⎪⎩
u∗d(k) =

LN

Tc
(i∗d(k)− ηi∗d(k − 1)

−(1− η)id(k)− Tcn̂d(k))

u∗q(k) =
LN

Tc
(i∗q(k)− ηi∗q(k − 1)

−(1− η)iq(k)− Tcn̂q(k)).

(39)

Fig. 2 shows the block diagram of the SSET-CCSMPCC, where
z indicates that one sampling period delay is applied, and the
flowchart of the SSET-CCSMPCC is shown in Fig. 5(b). In the
step response test, large η will eliminate the overshoots of the
id and iq , but increase the tracking time and the current ripples.
To solve the problem, an MSET-CCSMPCC is proposed in the
next section.
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Fig. 2. Block diagram of the SSET-CCSMPCC.

Fig. 3. Block diagram of the MSET-CCSMPCC.

E. Extended SPMSM Model-Based Multistep Error Tracking
CCS-MPCC

According to (36), it derives{
Δd(k + 1) = ηj+1Δd(k − j)
Δq(k + 1) = ηj+1Δq(k − j).

(40)

The cost index of the MSET-CCSMPCC can be constructed as
follows:

JMΔ
(k) =

m−1∑
j=0

λdj(Δd(k − j)ηj+1 −Δd(k + 1))2

+
m−1∑
j=0

λqj(Δq(k − j)ηj+1 −Δq(k + 1))2 (41)

where Δd(k − j) = i∗d(k − j − 1)− id(k − j), Δq(k − j) =
i∗q(k − j − 1)− iq(k − j), and Δd(k + 1), Δq(k + 1) can be
derived by combining (28) and (38). Assuming that each subitem
has the same weight, λdj and λqj can be chosen as 1. By solving
∂JMΔ(k)

∂u∗
d(k)

= 0 and
∂JMΔ(k)

∂u∗
q(k)

= 0, the cost index JMΔ(k) in (41)

is minimized, and the appropriate voltage variables u∗d(k) and
u∗q(k) can be calculated as⎧⎪⎪⎪⎨
⎪⎪⎪⎩
u∗d(k) =

LN

mTc
(mi∗d(k)−

∑m−1
j=0 η

j+1i∗d(k − j − 1)

−(mid(k)−
∑m−1
j=0 η

j+1id(k − j))−mTcn̂d(k))

u∗q(k) =
LN

mTc
(mi∗q(k)−

∑m−1
j=0 η

j+1i∗q(k − j − 1)

−(miq(k)−
∑m−1
j=0 η

j+1iq(k − j))−mTcn̂q(k)).

(42)

In Fig. 3, the block diagram of the MSET-CCSMPCC is de-
picted. The flowchart of the MSET-CCSMPCC is shown in
Fig. 5.

1) Stability of the MSET-CCSMPCC: As the current loop
control period Tc is sufficiently small, the MSET-CCSMPCC

Fig. 4. Block diagram of the MSET-CCSMPCC in s-domain.

can be expressed in s-domain as{
U ∗
d(s) = LN (Ge(s)(I

∗
d(s)− Id(s)) +Gf (s)Id(s)− N̂d(s))

U ∗
q (s) = LN (Ge(s)(I

∗
q(s)− Iq(s)) +Gf (s)Iq(s)− N̂q(s))

(43)

where Ge(s) =
1

mTc
(m− η(1−(ηm(1+mTcs)

−1))
1+Tcs−η ), Gf (s) =

s
m
η(1−(ηm(1+mTcs)

−1))
1+Tcs−η . Fig. 4 shows the block diagram of

the MSET-CCSMPCC in s-domain, where Ginv(s) =
1

Tcs+1
is the transfer function of the SVPWM-based inverter. The
closed-loop transfer function can be derived as⎧⎨
⎩ Id(s) =

Gin(s)
Gd(s)

I∗d(s)− Gnn(s)(Ginv(s)N̂d(s)−Nd(s))
Gd(s)

Iq(s) =
Gin(s)
Gd(s)

I∗q(s)− Gnn(s)(Ginv(s)N̂q(s)−Nq(s))
Gd(s)

.
(44)

Ignoring high-order items of Tc, which is sufficiently small,
it derives⎧⎪⎪⎨

⎪⎪⎩
Gin(s) = (1− η)(Tcm(1 +m)s+ (

∑m
j=1(1− ηj)))

Gd(s) = (1− η)(m2 + (
∑m
j=1(2− ηj)))Tcs

+ (1− η)(
∑m
j=1(1− ηj))

Gnn(s) = −Tcm(η − 1).

(45)

Letting Gd(s) = 0, the characteristic root lies in the left
half-plane, and the control system is stable. Assuming s = 0,
it derives {

Id(s) = I∗d(s) +
(−Tcm(η−1))End(s)
m−η−ηm+ηηm

Iq(s) = I∗q(s) +
(−Tcm(η−1))Enq(s)
m−η−ηm+ηηm

(46)

whereEnd(s) andEnq(s) converge to zero when the FTSMDOs
are applied. Thus, the id and iq can precisely track the i∗d and i∗q ,
respectively, in the steady state.

IV. EXPERIMENTAL RESULTS

An FPGA-based hardware system has been designed as shown
in Fig. 6. The XC7Z020-CLG484-1, which incorporates dual-
core Cortex-A9 processors and an FPGA core, was utilized as the
control unit. A PWM Generator, an analog-to-digital converter
(ADC) interface, an Encoder Decoding are implemented on
the FPGA core by employing Verilog language. By properly
designing the PWM Generator module clock, a desired resolu-
tion is achieved. A parallel interface is designed to interface to
a 16-bit, simultaneous sampling ADC AD7606. The Encoder
Decoding is designed to interface to an incremental encoder,
which provides information on the sensor’s current position and
the period between two encoder events. CPU0 (CPU: central
processing unit), which runs an embedded Linux, communicates
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Fig. 5. Flow diagrams of the proposed methods. (a) Flow diagram of EXM-CCSMPCC. (b) Flow diagram of SSET-CCSMPCC. (c) Flow diagram of MSET-
CCSMPCC.

Fig. 6. Block diagram of the designed FPGA-based hardware system.

with a control and monitoring software installed on the computer
via Ethernet. The motor control algorithms are implemented on
the CPU1, which communicates with the CPU0 via the on-chip
memory.

To verify the proposed algorithms, an SPMSM test bench has
been established as shown in Fig. 7. Two SPMSMs manufac-
tured by Wenling Yuhai Electromechanical Corporation with
the parameters specified in Table I are coupled via a flexible
coupling. The drive motor, which is driven by an FPGA-based
hardware system, is used to test the algorithms. The load motor,
which is driven by a 3.0 kW commercial inverter made by Micno
Corporation, is applied to provide the speed. An incremental

Fig. 7. Experimental setup description.

encoder with a resolution of 2500 pulses per revolution (P/R) is
utilized for measuring the SPMSM speed. Three high-precision
sampling resistors are used to measure the stator currents.

In the following sections, experimental results are presented
and analyzed. In part A, the proposed methods are tested to
verify the effectiveness. In part B, the performances of the
designed FTSMDO are verified. In parts C and D, the proposed
methods are explicitly compared with the existed conventional
CCS-MPCC for sharing the advantages and drawbacks.

A. Speed Reversal Performance

Experiments to validate the performances of the EXM-
CCSMPC and MSET-CCSMPCC during the rated full-speed
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TABLE I
PARAMETERS OF SPMSM

Fig. 8. Experimental results during the rated full-speed reversal process. (PI
cascade with EXM-CCSMPC, from 3000 to −3000 r/min).

Fig. 9. Experimental results during the rated full-speed reversal process. (PI
cascade with MSET-CCSMPCC, from 3000 to −3000 r/min).

range are carried out, respectively, in Figs. 8 and 9, where the
load motor is out of service and the ω∗

m is directly changed in
the program. In both experiments, the PI control with the same
parameters is applied to the outer speed loop, and the given speed
ω∗
m is changed from 3000 to −3000 r/min at 0.16 s. The q-axis

currents of both methods jump to their upper bounds within 3 ms,
but the iq overshoot of the MSET-CCSMPCC (almost no over-
shoot) is much smaller than that of the EXM-CCSMPC (0.8 A

Fig. 10. îq experimental results of the FTSMDO and SMDO under the iq step
response test with the conventional CCS-MPCC. (450 r/min, iq alters from 0 to
5 A).

Fig. 11. n̂q experimental results of the FTSMDO and SMDO under the iq
step response test with the conventional MPCC. (450 r/min, iq alters from 0 to
5 A).

overshoot). As iq is proportional to the electromagnetic torque,
the drive SPMSM reverses from 3000 to −3000 r/min fast in
both experiments (within 0.09 s). The experimental results indi-
cate that the proposed EXM-CCSMPCC and MSET-CCSMPCC
have the fast dynamic response in the full-speed range. However,
the MSET-CCSMPCC has better performance considering the
overshoot suppression.

B. Performance of the FTSMDO

To verify the excellent performances of the designed
FTSMDO, an exponential reaching law based SMDO is given
below as a comparison method{

˙̂iq =
u∗
q

LN
+ n̂q + αqeq + βqsign(eq)

˙̂nq = αnq(αqeq + βqsign(eq))
(47)

where the parameters αq , βq , and αnq are chosen to be of the
same values as that of FTSMDO.

Experiments to validate the performances of the SMDO and
FTSMDO during the iq step response test are carried out in
Figs. 10 and 11, where the i∗q is directly changed in the program
and the motor speed is provided by the Micno commercial
inverter. The conventional CCS-MPCC is applied to the current
loop of the FPGA-based hardware system, and the iq and u∗q are
fed back to the SMDO and FTSMDO, respectively. The drive
motor runs at 450 r/min, and the i∗q is changed from 0 to 5 A.
It can be seen that the FTSMDO tracks slightly faster than the
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Fig. 12. Experimental results of the iq step response test. (With the conven-
tional CCS-MPCC, 450 r/min).

Fig. 13. Experimental results of the iq step response test. (With the EXM-
CCSMPCC, 450 r/min).

Fig. 14. Experimental results of the iq step response test. (With the SSET-
CCSMPCC, 450 r/min).

SMDO, and the n̂q and îq of the SMDO have more serious chatter
than that of the FTSMDO (approximately two times larger).

C. Iq Step Response Performance

The iq step response performances of the conventional
CCS-MPCC, EXM-CCSMPCC, SSET-CCSMPCC, and MSET-
CCSMPCC are evaluated in Figs. 12, 13, 14, and 15, respec-
tively, where the i∗q is directly changed in the program and the
motor speed is provided by the Micno commercial inverter. It
can be seen that both the conventional CCS-MPCC and EXM-
CCSMPCC have serious overshoots (0.8 A in the 0–5 A step

Fig. 15. Experimental results of the iq step response test. (With the MSET-
CCSMPCC, 450 r/min).

Fig. 16. Steady-state performance under the stator inductance variation. (With
the conventional CCS-MPCC, 450 r/min, 5 A iq).

response test). The overshoots of the iq are eliminated with the
proposed SSET-CCSMPCC and MSET-CCSMPCC methods in
the 0–2, 2–4, 4–0, and 0–5 A step response tests. However,
the SSET-CCSMPCC tracks more slowly (2 ms approximately)
than three other methods (within 1 ms). The proposed EXM-
CCSMPCC and MSET-CCSMPCC have comparable steady-
state performances and the current variations are smaller than
0.28 A when the iq operates at 5 A. The current variations of the
SSET-CCSMPCC (0.32 A when the iq operates at 5 A) and the
conventional CCS-MPCC (0.3 A when the iq operates at 5 A)
are larger than those of two other methods.

D. Parameter Sensitivity Evaluation

From (31) and (42), the proposed EXM-CCSMPCC and
MSET-CCSMPCC are only affected by the stator inductance,
while the conventional CCS-MPCC is influenced by the sta-
tor inductance, stator resistance, and permanent magnet flux
linkage. Fig. 16 shows the experimental results of the conven-
tional CCS-MPCC, where the feedback iq decreases with the
decreasing of the stator inductance. Figs. 17 and 18 compare
the steady-state performances of the proposed EXM-CCSMPCC
and MSET-CCSMPCC under the stator inductance variation. In
the whole range of the inductance variation, the iq keeps the
average value of 5 A with both methods. By changing the stator
inductance to 9 mH, the iq of the EXM-CCSMPCC has a large
chatter for the later 0.1 s, while that of the MSET-CCSMPCC
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Fig. 17. Steady-state performance under the stator inductance variation. (With
the EXM-CCSMPCC, 450 r/min, 5 A iq).

Fig. 18. The steady-state performance under the stator inductance variation.
(With the MSET-CCSMPCC, 450 rpm, 5 A iq).

first jumps to 7 A but returns to 5 A fast. When the stator
inductance decreases from 6 to 2.62 mH, the iq variations of
both methods are within 0.28 A. When the inductance decreases
from 2.62 to 0.5 mH, the iq ripples increase, but the iq ripples
of the MSET-CCSMPCC increase more rapidly than that of the
EXM-CCSMPCC.

V. CONCLUSION

This article has proposed a robust CCS-MPC control method
for an SPMSM. An extended SPMSM model and a fast terminal
sliding mode DO are considered for disturbance compensation.
Furthermore, a multistep error tracking CCS-MPCC is proposed
to reduce the overshoot while keeping excellent steady-state and
dynamic response performances. The major contributions of the
proposed strategy include the following.

1) An SMD improved FTSMDO is designed to estimate the
lumped disturbances.

2) A multistep error tracking based cost index is proposed to
improve the tracking performance of the CCS-MPC.

3) A composite control method combining CCS-MPCC and
FTSMDO is developed to enhance the disturbance rejec-
tion capability of the PMSM system.

The experimental results implemented on an FPGA-based
hardware system verify the effectiveness of the proposed
method.

REFERENCES

[1] J. Yang, W. 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.

[2] S. A. Odhano, P. Pescetto, H. A. A. Awan, M. Hinkkanen, G. Pellegrino,
and R. Bojoi, “Parameter identification and self-commissioning in ac
motor drives: A technology status review,” IEEE Trans. Power Electron.,
vol. 34, no. 4, pp. 3603–3614, Apr. 2019.

[3] J. Chen, J. Li, and R. Qu, “Maximum-torque-per-ampere and
magnetization-state control of a variable-flux permanent magnet machine,”
IEEE Trans. Ind. Electron., vol. 65, no. 2, pp. 1158–1169, Feb. 2018.

[4] S.-H. Chang and P.-Y. Chen, “Self-tuning gains of PI controllers for current
control in a PMSM,” in Proc. 5th IEEE Conf. Ind. Electron. Appl., Jun.
2010, pp. 1282–1286.

[5] A. D. Alexandrou, N. K. Adamopoulos, and A. G. Kladas, “Development
of a constant switching frequency deadbeat predictive control technique for
field-oriented synchronous permanent-magnet motor drive,” IEEE Trans.
Ind. Electron., vol. 63, no. 8, pp. 5167–5175, Aug. 2016.

[6] B. Wang, Z. Dong, Y. Yu, G. Wang, and D. Xu, “Static-errorless deadbeat
predictive current control using second-order sliding-mode disturbance
observer for induction machine drives,” IEEE Trans. Power Electron.,
vol. 33, no. 3, pp. 2395–2403, Mar. 2018.

[7] M. Siami, D. A. Khaburi, M. Rivera, and J. Rodriguez, “An experimental
evaluation of predictive current control and predictive torque control for
a PMSM fed by a matrix converter,” IEEE Trans. Ind. Electron., vol. 64,
no. 11, pp. 8459–8471, Nov. 2017.

[8] F. Wang, S. Li, X. Mei, W. Xie, J. Rodriguez, and R. M. Kennel,
“Model-based predictive direct control strategies for electrical drives: An
experimental evaluation of PTC and PCC methods,” IEEE Trans. Ind.
Informat., vol. 11, no. 3, pp. 671–681, Jun. 2015.

[9] B.-J. Kang and C.-M. Liaw, “A robust hysteresis current-controlled PWM
inverter for linear PMSM driven magnetic suspended positioning system,”
IEEE Trans. Ind. Electron., vol. 48, no. 5, pp. 956–967, Oct. 2001.

[10] Y. Zhang, L. Huang, D. Xu, J. Liu, and J. Jin, “Performance evaluation
of two-vector-based model predictive current control of PMSM drives,”
Chin. J. Electr. Eng., vol. 4, no. 2, pp. 65–81, Jun. 2018.

[11] B. Stellato, T. Geyer, and P. J. Goulart, “High-speed finite control set model
predictive control for power electronics,” IEEE Trans. Power Electron.,
vol. 32, no. 5, pp. 4007–4020, May 2017.

[12] R. Guzman, L. G. de Vicuna, A. Camacho, J. Miret, and J. M. Rey,
“Receding-horizon model-predictive control for a three-phase VSI with
an LCL filter,” IEEE Trans. Ind. Electron., vol. 66, no. 9, pp. 6671–6680,
Sep. 2019.

[13] A. A. Ahmed, B. K. Koh, and Y. I. Lee, “A comparison of finite control
set and continuous control set model predictive control schemes for speed
control of induction motors,” IEEE Trans. Ind. Informat., vol. 14, no. 4,
pp. 1334–1346, Apr. 2018.

[14] M. Zou, S. Wang, M. Liu, and K. Chen, “Model predictive control
of permanent-magnet synchronous motor with disturbance observer,” in
Proc. IEEE Int. Symp. Predictive Control Electr. Drives Power Electron.,
May 2019, pp. 1–6.

[15] J. Wang, S. Li, J. Yang, B. Wu, and Q. Li, “Finite-time disturbance observer
based non-singular terminal sliding-mode control for pulse width modu-
lation based DC-DC buck converters with mismatched load disturbances,”
IET Power Electron., vol. 9, no. 9, pp. 1995–2002, 2016.

[16] B. Wang, X. Chen, Y. Yu, G. Wang, and D. Xu, “Robust predictive current
control with online disturbance estimation for induction machine drives,”
IEEE Trans. Power Electron., vol. 32, no. 6, pp. 4663–4674, Jun. 2017.

[17] S. Lin, Y. Cai, B. Yang, and W. Zhang, “Electrical line-shafting control for
motor speed synchronisation using sliding mode controller and disturbance
observer,” IET Control Theory Appl., vol. 11, no. 2, pp. 205–212, 2017.

[18] X. Zhang, L. Sun, K. Zhao, and L. Sun, “Nonlinear speed control for
PMSM system using sliding-mode control and disturbance compensation
techniques,” IEEE Trans. Power Electron., vol. 28, no. 3, pp. 1358–1365,
Mar. 2013.

[19] X. Zhang, B. Hou, and Y. Mei, “Deadbeat predictive current control of
permanent-magnet synchronous motors with stator current and disturbance
observer,” IEEE Trans. Power Electron., vol. 32, no. 5, pp. 3818–3834,
May 2017.

[20] Y. Jiang, W. Xu, C. Mu, and Y. Liu, “Improved deadbeat predictive current
control combined sliding mode strategy for PMSM drive system,” IEEE
Trans. Veh. Technol., vol. 67, no. 1, pp. 251–263, Jan. 2018.

[21] Y. Feng, X. Yu, and F. Han, “High-order terminal sliding-mode observer for
parameter estimation of a permanent-magnet synchronous motor,” IEEE
Trans. Ind. Electron., vol. 60, no. 10, pp. 4272–4280, Oct. 2013.



13464 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 12, DECEMBER 2020

[22] S. Yu, X. Yu, and R. Stonier, “Continuous finite-time control for robotic
manipulators with terminal sliding modes,” in Proc. 6th Int. Conf. Inf.
Fusion, Jul. 2003, vol. 2, pp. 1433–1440.

[23] L. Fridman and A. Levant, “High order sliding modes as the natural
phenomenon in control theory,” in Robust Control via Variable Structure
and Lyapunov Techniques, vol. 217, F. Garofalo and L. Glielmo, Eds.,
Berlin, Germany: Springer-Verlag, Jan. 1996, pp. 107–133.

[24] J. Han, “From PID to active disturbance rejection control,” IEEE Trans.
Ind. Electron., vol. 56, no. 3, pp. 900–906, Mar. 2009.

[25] M. Iqbal, A. I. Bhatti, S. I. Ayubi, and Q. Khan, “Robust parameter esti-
mation of nonlinear systems using sliding-mode differentiator observer,”
IEEE Trans. Ind. Electron., vol. 58, no. 2, pp. 680–689, Feb. 2011.

Fengxiang Wang (Senior Member, IEEE) was born
in Jiujiang, China, in 1982. He received the B.S.
degree in electronic engineering and the M.S. degree
in automation from Nanchang Hangkong University,
Nanchang, China, in 2005 and 2008, respectively,
and the Ph.D. degree from the Institute for Electrical
Drive Systems and Power Electronics, Technische
Universitaet Muenchen, Munich, Germany, in 2014.

He is currently a Full Professor and Deputy Direc-
tor of Quanzhou Institute of Equipment Manufactur-
ing, Haixi Institutes, Chinese Academy of Sciences,

Beijing, China.
Dr. Wang serves as an IET fellow, and as an Associate Editor for the

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS and IEEE TRANSACTIONS

ON ENERGY CONVERSION. As the General Chair, he organized the IEEE 5th
International Symposium on Predictive Control of Electrical Drives and Power
Electronics.

His research interests include predictive control and sensorless control for
electrical drives and power electronics.

Long He (Member, IEEE) was born in Fuzhou,
China, in 1984. He received the B.S. degree in applied
physics and the M.S. degree in physical electronics
from Fuzhou University, Fuzhou, China, in 2007 and
2010, respectively.

He is currently working with Haixi Institutes, Chi-
nese Academy of Sciences, Beijing, China. His re-
search interests include predictive control and sen-
sorless control for electrical drives.

Jose Rodriguez (Fellow Member, IEEE) received
the Engineer’s degree from the Universidad Tecnica
Federico Santa Maria, Valparaiso, Chile, in 1977, and
the Dr.-Ing. degree from the University of Erlangen,
Erlangen, Germany, in 1985, both in electrical engi-
neering.

Since 1977, he has been with the Department of
Electronics Engineering, Universidad Tecnica Fed-
erico Santa Maria, where he was a full Professor and
President. Since 2015, he has been the President of
Universidad Andres Bello in 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 has received a number of best paper awards from journals of
the IEEE. He is a member of the Chilean Academy of Engineering. In 2014,
he received the National Award of Applied Sciences and Technology from the
Government of Chile. In 2015, he received the Eugene Mittelmann Award from
the IEEE Industrial Electronics Society.



<<
  /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


