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Abstract—To promote the control performance of the modern
high-precision permanent-magnet synchronous motor (PMSM)
system on the existence of the time-delay and parameter mismatch,
an improved deadbeat predictive current control (DPCC) method is
proposed in this article. First, the conventional DPCC method con-
sidering the time-delay compensation is introduced. Along with this
method, the negative influence on the control performance when
the parameter mismatch occur is analyzed mathematically. After-
ward, this article proposes a novel compensation scheme based on
the integral sliding mode control (ISMC) theory for disturbance
elimination. This proposed method incorporates the disturbance
rejection term in the main control loop, which avoids the side effects
of the traditional parallel external observer-based compensation
method. The convergence of this disturbance rejection design is
also proved. Meanwhile, the procedure of the ISMC-based DPCC
method in digital implementation is illustrated and the resulting
problems are discussed and solved. Furthermore, the chattering
problem caused by the signum function is significantly suppressed
by introducing the improved super-twisting algorithm combined
method. Finally, experimental results confirm the validity of the
proposed ISMC-based DPCC controller.

Index Terms—Chattering attenuation, deadbeat predictive
current control (DPCC), disturbance rejection, integral sliding
mode control (ISMC).

I. INTRODUCTION

A. Motivation

P ERMANENT-MAGNET synchronous motors (PMSMs)
are widely used in modern servo systems, such as

robots and numerical-controlled machines, which require high-
precision and fast tracking speed of the actuator [1]. As the inner
loop of the PMSM control system, the current loop plays an
important role in determining the system’s performance. Hence,
to achieve high-quality servo behavior, various control methods
have been studied, such as hysteresis control [2], proportional–
integral (PI) control [3], sliding mode control (SMC) [4], and
model predictive control (MPC) [5].
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Hysteresis control boasts itself for fast response, high robust-
ness, and simple implementation. However, the resultant unfixed
switching frequency and current ripple cannot be avoided [7].
PI controllers can guarantee desired tracking precision, but the
dynamic performance is not satisfactory when applied in the
strongly nonlinear PMSM system [8]. SMC is a popular method
to suppress external disturbance and get fast response speed,
whereas the discontinuous control will cause serious chattering
in the response [9]. In comparison, MPC calculates the future
control signal over one or more time horizons by minimizing
a predefined cost function based on the mathematical model of
the plant. This method incorporates all the nonlinearities and
constraints and is prone to handle multivariable systems so that
it can inherit the nature of the plant and present fast dynamic re-
sponse. Since the relatively heavy calculation burden compared
with other control methods is solved by the improvement of
microprocessors nowadays, MPC has become one of the most
popular topics in power converters and drives [10].

B. Related Research

Among all the existing MPC methods, deadbeat predictive
current control (DPCC) can obtain favorable performance in
both dynamic and steady-state process in PMSM current control
[44]. The output dq-axis voltages are precisely computed by the
PMSM model according to the reference current. This output
signal is modulated by a space vector pulsewidth modulation
module before delivering to the inverter. This method is straight-
forward and simple and requires less calculation capacity than
other MPC methods, but can ensure similar performance [5].
However, DPCCs high dependence on the motor model deter-
mines that if there exist parameter errors, unmodeled dynamics,
or external disturbance, the system’s behavior will be signifi-
cantly damaged. In [11] and [12], the inductance mismatch will
affect the dynamic state and an error larger than the real induc-
tance value will cause instability. Unmodeled dynamics such as
dead zone effect and saturation voltage drop of IGBTs will also
affect the tracking precision [13]. Moreover, the one-step control
period delay caused by the digital discretization is unavoidable
in a real digital motor control system. This delay will cause
oscillations and largely deteriorates the control performance of
the overall system [14].

Plenty of papers have proposed various compensation
methods to solve the problems mentioned above. As for
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the aforementioned time-delay problem in a real digital control
system, a simple but effective compensation method is proposed
in [14]. Time-delay effect is analyzed qualitatively and a one-
step ahead compensation is put forward intuitively.

The methods on tackling the parameter mismatch and unmod-
eled dynamics can be summarized into three main categories.
The first type is to introduce a model-independent compensation
term by algebraic operation using the current reference and
response to cancel the steady-state error. For instance, in [15]
and [16], an integral of the current tracking error is added to
the dq-axis voltage and the convergence property is proved
mathematically. A novel PI combined DPCC controller is de-
signed with the weight decided by a fuzzy algorithm online in
[6]. However, the perfect dynamic performance of the DPCC
method is impaired. In [17], the tracking error of previous control
period is viewed as a compensation term. Also, a carefully
designed algebraic compensation term is introduced to cancel
the error [22]. Even if these algebraic methods are simple but
can eliminate the steady-state error, the gain is tough to tune and
the robustness is hardly guaranteed when unmodeled dynamics
and other disturbance exist.

Another thread is to apply the identification theory [23]. In
[27], the accurate inductance value is obtained by a properly
designed extraction algorithm. Also, a novel parameter iden-
tification method for the stator resistance and inductance is
developed in [26] based on a reconstructed characteristic vector
from the disturbance observer with current injection. Apart from
identifying motor parameters, the current incremental model
is constructed by a model-free linear regression form and is
identified online for future voltage generation [36]. However,
identification-based methods depend highly on the current mea-
surement accuracy and largely increase calculation burden.

Meanwhile, various disturbance observer-based control meth-
ods based on separation principle manifest certain effective-
ness in error suppression in DPCC [18], [19], which can be
categorized into the third group. In [20] and [21], Luenberger
and reduced-order Luenberger observers are applied in parallel
with the main control loop to estimate the disturbance. But the
requirement that the disturbance should be slowly varying is
hardly met in reality. Adaptive observers also possess avail-
ability in disturbance rejection [24]. The adaptive estimation
law is designed by the iterative gradient algorithm and the
slowly varying assumption on the disturbance is relaxed [25].
Moreover, the extended state observer is proposed and utilized
to realize the robustness in terms of flux linkage mismatch,
whereas the limitation of the bandwidth and the restriction on
the disturbance are the main drawbacks [27], [32]. In [28] and
[30], the popular sliding mode observer based DPCC method is
proposed with fast convergence speed and superior robustness,
whereas the observer is updated with high-order sliding mode
principle [31] and Hurwitz-based power reaching law [33] for
chattering suppression and better dynamic response.

Up till now, most of the disturbance observers applied in the
DPCC for parameter mismatch compensation are built in parallel
with the control channel separately and the acquired estimation
is then added to the controller output voltage. However, the
bandwidth limitation and estimation accuracy of these external

observers will restrict the current loop bandwidth more or less,
not to mention that the time lag and noise in the observed
disturbance will deteriorate the control performance. Hence,
scholars are pursuing methods that endow the DPCCs control
signal with inherent disturbance rejection ability. Recently, a
novel integral sliding mode control (ISMC) theory is proposed
and draws increasing attention [34], [35]. Unlike other robust
control methods, ISMC incorporates the disturbance rejection
term into the nominal control signal and the system’s robustness
is increased without sacrificing the control performance. With
the advantages of the elimination of the reaching phase, which
means that the disturbance is compensated from the very be-
ginning of the operation process, ISMC has been successfully
applied and proved to be effective in many applications [37]–
[39].

C. Contributions

In this article, a novel ISMC based DPCC method is proposed
for current control in the PMSM system with time-delay and
parameter mismatch problems simultaneously solved. Also note
that there is hardly any attempt to apply the ISMC theory into
DPCC so far. Several practical issues for digital implementa-
tion are discussed and the proposed controller’s performance is
further enhanced by a super-twisting algorithm (STA) method.

The main contributions of this article are listed as follows.
1) The article creatively designs a controller for disturbance

rejection of the DPCC method based on the ISMC theory.
This controller can compensate the overall disturbance by
the control signal itself, which has completely different
structure from other disturbance observer-based compen-
sation methods in the reference. Hence, no external ob-
servers are needed so that the control performance will
not be limited by observer’s performance.

2) The article solves a few practical problems caused by
discretization in microprocessors of the proposed ISMC
based DPCC. On the one hand, an accurate one-step ahead
prediction is implemented considering the disturbance
to cope with the one and a half periods’ delay in the
digital control system. On the other hand, a correction
term is introduced to reduce the deviation of the sliding
manifold caused by the nonideal tracking performance on
the sudden change of the current reference.

3) Moreover, in consideration of the severe chattering phe-
nomenon caused by the conventional signum function,
an advanced STA is brought into the design to further
enhance the performance of the proposed current control
approach. This second-order sliding control algorithm
hides the signum term inside an integral action so that
the chattering in both current and speed response is sig-
nificantly suppressed in essence.

The rest of this article is organized as follows. Section II intro-
duces the conventional DPCC method with time-delay compen-
sation for digital control systems briefly. Also, the disturbance
is modeled and the tracking performance damage caused by
the parameter mismatch (resistance, inductance, flux linkage)
is discussed quantitatively. In Section III, the basic principle of
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ISMC method is illustrated briefly. A novel DPCC combined
ISMC method is proposed with its stability strictly proved. The
control signal is then smoothened using a low-pass filter (LPF)
and the convergence problem is further discussed. Furthermore,
in Section IV, the ISMC-based DPCC with STA chattering atten-
uation controller is build. Experimental verification is conducted
to verify the feasibility and the effectiveness of this disturbance
rejection method in Section V Finally, Section VI concludes this
article.

II. CONVENTIONAL DPCC METHOD WITH

TIME-DELAY COMPENSATION

In this section, the conventional DPCC method is briefly
introduced and the existing time-delay problem with its compen-
sation method is discussed. Additionally, the overall disturbance
is modeled and how the parameter mismatch affect the system’s
behavior is illustrated concisely.

A. Conventional DPCC and Time-Delay Compensation

In the dq-axis reference frame, the ideal surface mounted
PMSM mathematical equation can be expressed as follows [29]:[

did/dt
diq/dt

]
=

[
R/L ωe
−ωe R/L

] [
id
iq

]
+

[
1/L 0
0 1/L

] [
ud
uq

]

+

[
0
−ψfωe/L

]
(1)

where ud and uq are the dq-axis voltages, id and iq are the dq-axis
currents, L is the dq-axis inductance, R is the stator resistance,ωe

is the electrical angular velocity, andψf is the permanent-magnet
flux linkage.

In an actual servo system, if the control period T is small
enough, the discrete PMSM model can be acquired by the first-
order Taylor series expansion as the following equation as in
[28]:

idq (k + 1) = F (k) idq (k) +G (k) udq (k) +H (k) (2)

where idq(k) = [ id(k) iq(k) ]T, udq(k) = [ ud(k) uq(k) ]T,

F(k) =

[
1− TR/L Tωe(k)
−Tωe(k) 1− TR/L

]
, G(k) =

[
T/L 0
0 T/L

]
, and

H(k) =

[
0

−Tψfωe(k)/L
]

.

The conventional DPCC method generates the voltage that
allows the real current to track the reference current command
exactly at the beginning of the next control period in the ideal
case. This voltage signal can be computed by the discretized
motor equation as follows:

ūdq (k) = G−1 (k)
[
i∗dq (k+1)− F (k) idq (k)−H (k)

]
(3)

where i∗dq(k + 1) = [ i∗d(k + 1) i∗q(k + 1) ]T represents the ref-
erence current to be tracked at time t = k+1 and also means the
output of the speed controller at time t = k.

However, due to the discrete characteristics of the digital
control systems, the calculated voltage signal at time t = k
will be applied to the inverter at time t = k+1 and the inverter
takes approximately half the current control period to exert this

Fig. 1. Diagram of DPCC with time-delay compensation.

voltage to the motor. Therefore, this one and a half periods’
delay significantly harms the system’s performance [27] and
will cause serious oscillation in response. To solve this issue, the
most commonly adopted the one-step ahead prediction method
is used. Normally, at t = k, the current prediction for t = k+1
is calculated according to the feedback current idq(k) as the
following equation with the voltage signal udq(k) acquired in
the previous period:

îdq (k + 1) = F (k) idq (k) +G (k) udq (k) +H (k) . (4)

The reference current signal i∗dq(k + 2) is also needed to
generate the voltage signal for t = k+1. Note that typically the
speed loop control period is five to ten times larger than the
current loop period (also the control period T), during which
the current reference remains unchanged, so the q-axis current
reference generated by the speed controller can be regarded as
unchanged in the adjacent control period, that is, expression
i∗q(k+1) = i∗q(k + 2) holds [8]. Since id is always controlled to
be zero for the surface-mounted PMSM, equation i∗d(k+1) =
i∗d(k + 2) = 0 fulfills. In addition, parameter matrices F(k),
G(k), and H(k) can be viewed as unchanged within the adjacent
current control period since the electrical angular velocity is
slowly varying. Hence, the delay compensation method is de-
duced as the following equation and the flowchart of the whole
algorithm is shown in Fig. 1:

ūdq (k + 1)

= G−1 (k)
[
i∗dq (k + 2)− F (k) îdq (k + 1)−H (k)

]
(5)

where ūdq(k + 1) is delivered to the inverter at time t = k+1
and the actual current idq(k+2) will track the current command
i∗dq(k + 2) at time t = k+2 ideally.

B. Disturbance Modeling and the Influence of Parameter
Mismatch

If the parameter mismatch (inductance, resistance, and flux
linkage) and the unmodeled dynamics are considered in the
PMSM model, (1) can be reconstructed as the following equa-
tion:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

did
dt = 1

L0
ud − R0

L0
id + ωeiq + fd

diq
dt = 1

L0
uq − R0

L0
iq − ωeid − ψfωe

L0
+ fq

fd = ( 1
L − 1

L0
)ud − (RL − R0

L0
)id + εd

fq = ( 1
L − 1

L0
)uq − (RL − R0

L0
)iq − (

ψf

L − ψf0

L0
)ωe + εq.

(6)
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Parameters with subscript “0” denote the nominal value used
in the DPCC controller for voltage generation. Additionally, fd
and fq are lumped disturbance, which comprise the unmodeled
dynamics εd and εq and the error caused by parameter incon-
gruity. Clearly, the disturbance term is responsible for the imper-
fect tracking performance. If the unmodeled dynamics terms are
neglected, the influence of parameter mismatch in the transient
and steady state can be evaluated theoretically. By combining
(2) and (5), the following equations can be derived to represent
how the parameter mismatch affects the q-axis current tracking
performance (d-axis current has similar tracking performance)
in terms of inductance, resistance, and flux linkage, respectively:

iq(k + 1)− i∗q(k+1)

= −ΔL

L
[i∗q(k+1)− iq(k − 1)− 2Tωe(k − 1)id(k − 1)]

(7)

iq(k + 1)− i∗q(k+1) = −2TΔR

L
iq(k − 1) (8)

iq (k + 1)− i∗q (k+1) = −2TΔψf
L

ωe(k−1) (9)

where ΔL = L− L0 , ΔR = R−R0, and Δψf = ψf − ψf0.
As for the steady-state error, (7)–(9) show that the q-axis

current tracking error is proportional to the difference between
the parameter’s real value and nominal value. Meanwhile, if the
parameter error is fixed, the tracking error also grows proportion-
ally with the reference current value when only inductance and
resistance mismatches occur. Under the flux linkage mismatch,
the tracking error is related to the electrical angular velocity,
which means that with higherωe, the tracking error grows larger.

As for the transient process, conclusions can be drawn through
transfer function analysis and discrete time system theory [40].
The inductance error affects the dynamic process with the setting
time prolonged and if the nominal value is bigger than the real
value, oscillation in response occurs. The negative influence
dynamically caused by the flux linkage and resistance error
is tiny compared with the inductance mismatch but still not
negligible [11].

Therefore, to maintain good tracking performance with the
presence of disturbance both in transient and steady states, it is
necessary to compensate these undesired terms.

III. PROPOSED ISMC-BASED DPCC METHOD AND DIGITAL

IMPLEMENTATION PROCEDURE

Based on previous analysis, even if the time-delay compen-
sation strategy is adopted in the DPCC method, the lumped
disturbance will degrade the control performance largely. In
other words, the unavoidable steady-state error will affect the
system’s tracking accuracy and prolong the tracking speed. In
this section, a novel disturbance rejection method is put forward
with the compensation signal embedded in control which both
solve time-delay issue and help the system insensitive to parame-
ter mismatch and unmodeled dynamics. First, the basic principle
of ISMC method is briefly introduced. Then, the composite
control structure of the ISMC-based DPCC is illustrated and

the convergence of this combined method is strictly proofed.
Afterward, a correction term is introduced for sliding surface
optimization and finally digital implementation procedure of this
proposed method is summarized.

A. Principle of the ISMC Method

The ISMC is a powerful control method that eliminates the
reaching phase by enforcing the sliding mode to happen through-
out the entire process. On account of this property, system’s
robustness will be guaranteed from the initial time instant.
Recently, this method has drawn much attention since Utkin
et al. first proposed it in [41] and it has revealed effectiveness in
many practical applications.

Consider a system represented by a state equation in the
following equation that contains certain unknown disturbance:

ẋ = f(x) +B(x)u+ h(x) (10)

where x ∈ �n is the state vector, u ∈ �m is the input vector,
B(x) ∈ �n×m, f(x) ∈ �n, and the disturbance vector h(x) ∈
�n is bounded by positive values h+i with |hi| ≤ h+i , i =
1, 2, . . . , n.

The control purpose of the ISMC is to find a control u con-
sisting of two parts, i.e., u = u0+u1, where an auxiliary control
signal u1 is used for disturbance rejection and the main control u0
navigates the states to follow the desired trajectory. According
to [34], an integral sliding manifold is typically designed as
follows:

s(x) = s0(x) + z. (11)

The first part in (11), which is s0(x), is usually constructed
as a linear combination of the system states. Also, to acquire
the disturbance rejection ability, ż is chosen as follows to cancel
out the known part of the system such that only control u1 and
disturbance term h(x) exists in the time derivative of the sliding
variable s: {

dz
dt = −∂s0

∂x (f(x) +B(x)u0)
z(0) =− s0(x(0)).

(12)

Additionally, an initial condition is necessary to ensure
s(x) = 0 holds at the starting time, which is calculated as the
second expression in (12). Furthermore, if a properly designed
auxiliary control signal u1, such as signum function, ensures the
convergence of the sliding variable s to 0, then the disturbance
can be rejected and estimated completely.

From (10)–(12), if s(x) = 0 holds, the disturbance informa-
tion is contained in the equivalent control of u1, which is denoted
as u1eq in the following equation, and the disturbance h(x) can
thus be fully compensated by u1:

−B(x)u1eq = h(x). (13)

B. ISMC-Based DPCC Controller Design

Consider the PMSM equation with disturbance in (6). The
DPCC method is chosen as the main control u0 for the high-
quality tracking performance and another term u1 is designed
based on the procedure of ISMC previously discussed for dis-
turbance rejection. The sliding manifold consists of merely the
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current tracking error and the auxiliary variable z since the
system’s relative degree is one, which is written as follows:

sdq =

[
sd
sq

]
=

[
id − i∗d + zd
iq − i∗q + zq

]
. (14)

According to (12), zdq can be designed as follows along with
the initial values:

dzdq

dt =

[
dzd/dt
dzq/dt

]

=

[ −(ud0/L0 −R0id/L0 + ωeiq) + di∗d/dt
−(uq0/L0 −R0iq/L0 − ωeid − ψfωe/L0) + di∗q/dt

]

zdq(0) =

[−(id(0)− i∗d(0))
−(iq(0)− i∗q(0))

]
.

(15)
Consequently, after combining (14) and (15), the time deriva-

tive of the sliding manifold takes the simple form of the following
equation:

ṡdq =

[
ṡd
ṡq

]
=

[
ud1/L0+fd
uq1/L0+fq

]
. (16)

Note that ud0 and uq0 denote the dq-axis voltages generated by
the DPCC controller, whereas ud1 and uq1 are designed based
on the ISMC algorithm. If the sliding motion happens, which
means that (16) is equal to zero, the dq-axis disturbance can be
accurately estimated by the auxiliary control signal.

Proposition 1: Consider the PMSM system (6) and an integral
sliding manifold designed by (14) and (15), sd and sq can
stay identically to the origin from the initial time instant if the
disturbance rejection control udq1 is chosen as follows:

udq1 =

[
ud1
uq1

]
=

[−Mdsgn(sd)
−Mqsgn(sq)

]
(17)

where Md and Mq are the constants satisfying Md >
max{|L0fd|} andMq > max{|L0fq|}, and symbol “sgn” de-
notes signum function.

Proof: Since the motor equations in the dq-axis take the same
forms, sd is taken for analysis. Consider a Lyapunov candidate
as follows:

Vd = s2d/2 (18)

which is a positive definite function except at the origin and
is globally continuously differentiable. The purpose is to find
a proper range for constant Md so that Vd can converge to the
origin.

According to the Lyapunov stability theorem, the time deriva-
tive of Vd can be expressed and simplified as follows:

V̇d = ṡdsd = sd(ud1/L0+fd)

= sd(fd −Mdsgn(sd)/L0)

≤ |sd| (|fd| −Md/L0). (19)

To ensure that V̇d is negative, parameter Md in disturbance
rejection control (17) should satisfy as follows:

Md > max {|L0fd|} . (20)

Obviously, if the condition in (20) is fulfilled, the inequality
(19) is smaller than 0 globally except at the origin sd = 0.

When the condition Vd reaches infinity when sd tends to infinity
holds, the origin is a globally asymptotically stable point. Also,
when the initial condition in (15) is chosen, sd(0) =0 holds at the
initial time t = 0. Afterward, the nonpositive Lyapunov function
forces the sliding manifold sd to stay at the origin throughout
the whole process, which means that equation sd = ṡd = 0
holds. Hence, the disturbances fd and fq can be expressed by
the equivalent control as follows:{

fd = −ud1eq/L0

fq = −uq1eq/L0.
(21)

From the analysis above, the ISMC-based DPCC method can
be denoted by the combined control signal udq = udq0 + udq1,
where udq1 is responsible for disturbance rejection and udq0

inherits the merits of the conventional DPCC. However, the
signum-type discontinuous term udq1 will cause sudden change
in the PWM duty cycle, which is harmful to the inverter and
will also bring in chattering in the response [42]. Typically, an
LPF is added before the control signal is delivered to the inverse
Park transformation for smoothness whose transfer function is
written as follows in the complex frequency domain (with high-
frequency components filtered out, the equivalent value of the
discontinuous control can be used for disturbance elimination,
which is denoted as udq1eq):

udq1eq
udq1

=
1

(τdqs+ 1)
(22)

where udq1eq = [ud1eq(k) uq1eq(k) ]T, and τdq denotes the
LPF gain matrix containing tunable coefficients τd and τq.

By applying this LPF to the control signal, the convergence
condition in Proposition 1 becomes stricter, which means that
constants Md and Mq should satisfy the following equation to
ensure the convergence of the designed integral sliding manifold
in (14): {

Md > max {|L0fd+ud1eq − ud1|}
Mq > max {|L0fq+uq1eq − uq1|}. (23)

Compared with the conventional DPCC method, four more
parameters (Md, Mq, τd, and τq) are introduced in this dis-
turbance rejection control signal udq1. The tuning of Md and
Mq is a tradeoff between the robustness to the lumped distur-
bance fd and fq and the undesired chattering phenomenon in the
current response. A higher Md and Mq value endows stronger
antidisturbance ability to the system because higher fd and fq are
tolerable for the convergence of the sliding manifold. That is, if
the parameters deviate from real values to a considerable extent,
the gains Md and Mq need to be adjusted larger and vice versa.
Meanwhile, the maximum available values can be obtained by
trial and error for an acceptable chattering level in the response.
As for the coefficients τd and τq in an LPF, a larger value means a
lower filter cutoff frequency and a smaller chattering level while
the difference between udq1eq and udq1 grows bigger. Hence,
the enlarged value on the right-hand side of (23) will reduce the
antidisturbance property of the ISMC control signal in return,
which is the cost of filtering. In conclusion, large enough Md

and Mq should be ensured while τd and τq can be further tuned
for a desirable chattering level.
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C. Correction Term and Sliding Surface Optimization

In reality, the change rate of dq-axis currents has an upper
bound because of the electric time constant of the motor. As
a result, the actual current response is not able to follow the
sudden change of the reference signal, for example, a step, in
the first few control periods. Take the d-axis current tracking
performance for clear illustration. If the time-delay issue is not
considered, from (2), (3), (14), and (15), the time derivative of
the d-axis component of the sliding variable sd can be described
as follows after discretization:

sd(k + 1) = [id(k + 1)− i∗d (k + 1)] + sd(k). (24)

Clearly in this case, the time derivative of sd cannot stay
identically to zero before the reference d-axis current is tracked.
In this dynamic process, sd(k + 1) cumulates monotonously
departing zero under this integral-like action before it is pulled
back to the origin by the ISMC control action after the real d-axis
current completely tracks the reference. The ISMC algorithm
will not take effect during this period.

To solve this problem, the error between the reference current
and the predicted value at t = k+1 is multiplied by a tunable
weighing factor ηdq, which is selected within the range of (0, 1)
as (25), and this term zdqc(k+1) is then added to the discretized
auxiliary variable zdq(k+1) in (28) for sliding variable correc-
tion. By this tunable correction term, the undesired difference
between the feedback and reference currents in the right-hand
side of (24) can be canceled partially when the sudden change
of current command happens and the dynamic performance of
this ISMC-based DPCC method will get largely enhanced

zdqc(k + 1) =

[
ηd(i

∗
d (k + 1)− îd(k + 1))

ηq(i
∗
q (k + 1)− îq(k + 1))

]
(25)

where ηdq = [ ηd ηq ]
T .

The selection of ηdq determines the ability that the sliding
manifold sd and sq hold at the origin on the sudden change of
the current reference. A properly designed weighing factor ηdq
can assure acceptable deviation from the origin and a shorter
recovery time for the sliding manifold to converge to zero
during the transient process. However, an overdesigning of the
weighing factor will cause overshoot of the sliding manifold.
Therefore, ηdq should be carefully tuned by trial and error in
practical applications for the best performance.

D. Digital Implementation of the Proposed Method

The implementation procedure of the proposed ISMC-based
DPCC method can be summarized into five steps considering
the disturbance rejection and time-delay compensation as in
Fig. 2. Assume that at time t = k, the acquired states are the
feedback current idq(k), the electrical angular velocity ωe(k),
and the reference current i∗dq(k + 1) from the speed controller.

1) One-Step Ahead Current Prediction: The current predic-
tion formula is written as follows from which the predictive
current of the next sampling point îdq(k + 1) is computed (note
that the disturbance term should be considered for the accurate

Fig. 2. Digital implementation procedure of the proposed ISMC based DPCC.

prediction):

îdq (k + 1) = F (k) idq (k) +G (k) udq (k) +H (k)+Fdq (k)
(26)

where Fdq(k) = [ fd(k) fq(k) ]T represents the disturbance ma-
trix.

2) Integral Sliding Manifold Construction: The sliding man-
ifold in (14) can be discretized as follows in microprocessors:

sdq(k) =

[
sd(k)
sq(k)

]
=

[
id(k)− i∗d(k) + zd(k)
iq(k)− i∗q(k) + zq(k)

]
. (27)

3) Auxiliary Variable z Update: From (15), forward Euler
discretization with the step size T is applied to deal with the
time derivative in the continuous time domain and the resultant
zdq(k+1) is updated by the following equation for the execution
in the next control period with zdqc(k+1) included:

zdq(k + 1 = zdq(k) + i∗dq(k + 1)− i∗dq(k)
− ((F0 − I)idq(k) +G0udq0 (k) +H0) + zdqc(k + 1).

(28)
4) Disturbance Rejection Term Calculation: In this step, the

disturbance rejection part of the control signal udq1(k+1) is
calculated as the following equation from (17)

udq1(k + 1) = −Mdqsgn(sdq(k)) (29)

and is transferred to a post LPF filter as the following equation for
smoothness, where udq1eq(k+1) denotes the output of the LPF
filter (note that Mdq must satisfy the condition in (23), whereas
the LPF gain τdq is tunable to get the best performance):

udq1eq(k + 1) = T · udq1(k)/τdq+(1− T/τdq) · udq1eq(k)
(30)

where Mdq = [Md Mq ]
T .

5) DPCC Application and the Overall Control Generation:
Here the DPCC method adopts the aforementioned delay com-
pensation algorithm in expression (5) in Section II to remove
the time-delay influence. Also, the overall control signal con-
taining DPCC and ISMC disturbance suppression is written as
follows, which is also the signal addressed to the inverse Park
transformation:

ūdq(k + 1) = udq1eq(k + 1) + ūdq0(k + 1) (31)

where ūdq0(k + 1) =[ ūd0(k + 1) ūq0(k + 1) ]T is the calcu-
lated DPCC control voltage value from (5).

In conclusion, the five steps above clearly illustrate the digital
implementation procedure of the proposed ISMC based DPCC
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in a real microprocessor. When one cycle is finished, the program
returns to Step 1) and a new circulation begins.

IV. IMPROVED ISMC-BASED DPCC WITH STA CHATTERING

ATTENUATION SCHEME

In the previous analysis, although disturbance is effectively
compensated by the proposed ISMC based DPCC method, the
side effect that severe chattering will be brought in the tracking
response by the conventional signum function is not negligible.
To suppress this impact and further improve the disturbance
rejection behavior, a superior second-order sliding mode STA
method is incorporated into the conventional ISMC for a better
performance, which is the main contribution of this section.

The STA method belongs to the second-order sliding mode
category but is suitable for dealing with relative degree one
systems [42]. It can force the sliding manifold itself and its
first-order time derivative converges to the origin in finite time
without the necessity of acquiring the time derivative of the
sliding variable. Another advantage is that the second-order
sliding nature conceals the discontinuous control term inside
an integral operation, thus eliminating the undesired chattering
phenomenon.

The standard STA method can be formulated as (32) where s
is a predefined sliding surface [34]. Its strict proof can be found
in [43] by Lyapunov stability criterion and the sliding variable
s possesses a finite-time convergence feature

ṡ = − k1
√

|s|sgn(s) + v

v̇ = − k2sgn(s) + ρ, |ρ| < L (32)

where ρ represents the unknown term or disturbance with a
constant upper boundary L and the gains are usually chosen
as k1 = 1.5

√
L and k2 = 1.1L for a good compromise between

fast convergence and high accuracy [35].
To further improve the control performance of the proposed

ISMC-based DPCC method, the conventional signum function,
which is discontinuous, is replaced by the STA convergence law
above. Based on (16), assume that the time derivative of the
disturbance terms are bounded by constants hd and hq, which
means that condition |ḟd| < hd and |ḟq| < hq fulfills. Clearly,
it is a relaxation of the disturbance constraint compared with
other observer-based methods and the restriction condition in
the STA method satisfies a more general case. Meanwhile, the
auxiliary control signals ud1 and uq1 are designed as (33) so that
the sliding mode behavior is in the same form as the formula
in (32), whose convergence is guaranteed. Hence, the integral
sliding variable sdq will converge to zero in finite time and the
disturbance estimation (21) holds

udq1 = L0

(
−kdq1

√
|sdq|sgn(sdq) + vdq

)

v̇dq = − kdq2sgn(sdq) (33)

where kdq1 = [kd1 kq1 ]T and kdq2 = [kd2 kq2 ]T are the gain
matrices fulfilling kdq1= 1.5

√
hdq , kdq2 = 1.1hdq , and hdq =

[hd hq ]T.

Fig. 3. Diagram of the proposed ISMC-based DPCC with chattering attenua-
tion.

TABLE I
PARAMETERS RELATED TO THE TEST MOTOR

Fig. 3 depicts the diagram of the proposed ISMC-based DPCC
with STA chattering attenuation. The dq-axis current feedback
and current references are delivered to the STA based ISMC
block and then the desired disturbance rejection control signal
udq1(k + 1) is calculated. Furthermore, the digital implemen-
tation of the proposed ISMC-based DPCC with STA method
is similar to the one illustrated in Section III except that Step
4) is replaced by this new control signal in (34). Since (34) is
a continuous control signal, the chattering phenomenon can be
significantly attenuated, whereas the same disturbance rejection
ability can be realized.

Also note that the selection of coefficients hd and hq is similar
to the rules for Md and Mq in Section III. From the analysis
above, hd and hq are the upper bounds of the time derivative
of disturbance and the larger these values are, the stronger
disturbance ability is endowed to the system. Since chattering
is significantly attenuated by this proposed STO and ISMC
combined method, hd and hq can be tuned relatively higher for
a better antidisturbance property.

udq1(k + 1) = L0 ·
(
−kdq1

√
|sdq(k)|sign(sdq(k))

)

+ T ·
k∑

n=0

(− kdq2sign(sdq(k))). (34)

V. EXPERIMENTAL RESULTS

To verify the effectiveness of this proposed ISMC combined
DPCC method, experiments are performed on a PMSM digital
control system platform in Fig. 4. The PMSM used in the
experiment is a surface-mounted type with the electrical and
mechanical parameters listed in Table I. The experimental setup
is built based on the TMS320F28335 microprocessor. The PWM
frequency is set as 10 kHz and the corresponding current loop
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Fig. 4. Actual PMSM experimental platform.

and speed loop control frequencies are as 10 kHz and 2 kHz,
respectively. Also, the dead zone time is set as 1 μs.

The experimental results of the three controllers on d-axis
current tracking performance are given in Figs. 5 and 6. The
amplitude of the step excitation is 4 A. Under this excitation,
the first experiment is done when no parameter mismatch is
added and the results are displayed in Fig. 5. Fig. 5(a) shows the
d-axis reference i∗d and the performance of the corresponding
response id. Clearly, the rise time is about 1.2 ms, which means
that transient state is good enough. However, the measured id
feedback only reaches 3.83 A with a 0.17-A tracking error
because of the nonideal inverter and the dead zone effect,
which handicaps the high-quality tracking performance. When
the ISMC-based DPCC with signum function is applied in
Fig. 5(b), good transient performance retains (1.1 ms), whereas
the steady-state error is equivalently offset with the parameter
properly tuned. Also, in this figure, the disturbance fd is roughly
estimated. However, even if the steady error is compensated,
the current response clearly appears an obvious chattering phe-
nomenon. In comparison, the chattering is significantly reduced
in terms of amplitude when the conventional signum function is
replaced by the STA algorithm in Fig. 5(c). Meanwhile, it can be
seen that satisfying tracking performance still remains (1.1 ms)
when the improved ISMC-based DPCC method is applied. The
corresponding sliding surface sd and the estimated disturbance
fd are exhibited and the convergence phase of sd in the sudden
change of current command proves the analysis in Section III,
which means that the correction term is a necessity.

In Fig. 6(a), if the parameter mismatches are taken into
account (R0 = 0.5R, L0 = 0.5L, and ψf0 = 0.5ψf), the tracking
error of conventional DPCC in the steady state enlarges to about
0.814 A, whereas the rise time prolongs a little to 2.2 ms. This
tracking error is not acceptable in the high-quality tracking ap-
plications. With the ISMC signal applied in Fig. 6(b) and (c), the
equivalent recursive mean square (RMS) value of the response is
4 A with the tracking error completely canceled. In Fig. 6(b), the
rise time (6 ms) becomes longer than that without compensation.
The chattering is not negligible in this case, whose amplitude

TABLE II
TRACKING ERROR UNDER PARAMETER MISMATCHES ON CONSTANT

LOAD TORQUE OF 1 N·M

reaches 0.28 A. If the STA method is combined, it is obvious that
the rise time 1.8 ms is smaller than in Fig. 6(a) and the chattering
is prominently eliminated compared with Fig. 6(b) in the current
response, sliding surface sd, and the disturbance estimation fd,
which is fairly acceptable. Additionally, in the situation with not
negligible parameter errors, the related gains (kd, kq, Md, and
Mq) should be tuned larger than those in the case in Fig. 5.

Figs. 6–9 display the dq-axis currents’ performance when
the motor operates at rated speed 1000 r/min and constant
load 1 N·m. In Fig. 7, the nominal flux linkage value ψf0 in
the algorithm changes from 0.5ψf to ψf suddenly, and then
increases to 1.5ψf with the other two parameters (inductance
and resistance) unchanged. The duration for each value is 1.2 s.
Figs. 8 and 9 follow the same operating condition, whereas
the variable parameters become the motor resistance and in-
ductance, respectively. All figures denoted by (a) in Figs. 7–9
demonstrate the behavior under the conventional DPCC method.
From the above analysis, the current errors are comprised of the
nonideal inverter effect and the parameter mismatch part and are
particularly not negligible in the steady state. Through study, the
flux linkage difference deteriorates the q-axis current tracking
performance most in terms of transient state and steady state,
whereas inductance difference affects the d-axis current tracking
performance most. The maximum tracking error of dq-axis
currents are about 1.38 A and 0.87 A, respectively. Meanwhile,
all (b) in Figs. 7–9 show the effectiveness of the proposed
ISMC-based DPCC method with signum function and all (c)
depict the condition applying STA algorithm. Table II illustrates
the RMS value difference between the dq-axis current reference
and response in this constant load torque case. It can be seen that
the tracking error in the steady state is fully compensated (below
0.05 A) by the proposed algorithm although tiny fluctuation
occurs on the moment of the nominal motor values’ sudden
change with the gains (Md, Mq, τd, τq, ηd, and ηd) properly
chosen. Additionally, better performance can be observed if the
STA algorithm is implemented with the fluctuation amplitude
and duration reduced. Note that when the motor works under
the rated speed and load, the chattering phenomenon is almost
invisible compared with the conventional DPCC both in signum
function and the STA method.

To further verify the q-axis tracking ability and the disturbance
rejection property of the proposed algorithm with parameter
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Fig. 5. Comparison of three controllers at the step change of id in the amplitude from 0 to 4 A without parameter mismatch. (a) Conventional DPCC. (b)
ISMC-based DPCC (Md = 2, τd = 200, and ηd = 0.7). (c) ISMC-based DPCC with STA chattering attenuation (hd = 10 000 and ηd = 0.6).

Fig. 6. Comparison of three controllers at the step change of id in the amplitude from 0 to 4 A with R0 = 0.5R, L0 = 0.5L, and ψf0 = 0.5ψf. (a) Conventional
DPCC. (b) ISMC-based DPCC (Md = 4, τd = 200, and ηd = 0.94). (c) ISMC-based DPCC with STA chattering attenuation (hd = 20 0000 and ηd = 0.36).

Fig. 7. Comparison of three controllers in current performance in the steady state when flux mismatch occurs under 1000 r/min and 1 N·m. (a) Conventional
DPCC. (b) ISMC-based DPCC (Md = 10, Mq = 20, τd = τq = 200, ηd = 0.8, and ηd = 0.99). (c) ISMC-based DPCC with STA chattering attenuation (hd =
50 000, ηd = 0.6, hq = 50 0000, and ηd = 0.64).

Fig. 8. Comparison of three controllers in current performance in the steady state when resistance mismatch occurs under 1000 r/min and 1 N·m. (a) Conventional
DPCC. (b) ISMC-based DPCC (Md = 7, Mq = 6, τd = τq = 200, ηd = 0.92, and ηd = 0.99). (c) ISMC-based DPCC with STA chattering attenuation (hd =
50 000, ηd = 0.6, hq = 300 000, and ηd = 0.8).
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Fig. 9. Comparison of three controllers in current performance in the steady state when inductance mismatch occurs under 1000 r/min and 1 N·m. (a) Conventional
DPCC. (b) ISMC-based DPCC (Md = 8, Mq = 6.4, τd = τq = 200, ηd = 0.92, and ηd = 0.99). (c) ISMC-based DPCC with STA chattering attenuation (hd =
150 000, ηd = 0.5, hq = 300 000, and ηd = 0.9).

Fig. 10. Comparison of three controllers at step change of load torque (1 N·m) with parameter mismatch (R0 = 0.75R, L0 = 0.75L, and ψf0 = 0.75ψf) under
1000 r/min. (a) Conventional DPCC. (b) ISMC-based DPCC (Md = 8, Mq = 10, τd = 200, τq = 150, ηd = 0.92, and ηd = 0.99). (c) ISMC-based DPCC with
STA chattering attenuation (hd = 150 000, ηd = 0.5, hq = 300 000, and ηd = 0.64).

Fig. 11. Comparison of three controllers at step change of load torque (1 N·m) with parameter mismatch (R0 = 1.25R, L0 = 1.25L, and ψf0 = 1.25ψf) under
1000 r/min. (a) Conventional DPCC. (b) ISMC-based DPCC (Md = 8, Mq = 10, τd = 200, τq = 120, ηd = 0.92, and ηd = 0.99). (c) ISMC-based DPCC with
STA chattering attenuation (hd = 150 000, ηd = 0.5, hq = 300 000, and ηd = 0.64).

mismatch, an external disturbance simulated by a step change
of load torque (1 N·m) is exerted and released at 1 s and
4.2 s, respectively. In Fig. 10, the nominal values of the three
parameters are set smaller than the real value (R0 = 0.75R, L0 =
0.75L, and ψf0 = 0.75ψf), whereas in Fig. 11, the nominal
values are larger than the actual ones (R0 = 1.25R, L0 = 1.25L,
and ψf0 = 1.25ψf). The tracking error of the q-axis current
is about 2 A and the speed recovery time is about 0.18 s by
the conventional PCC method in Fig. 10(a), whereas by the
proposed ISMC-based PCC method, the tracking error is fully
canceled in (b) and (c). Additionally, the speed recovery time

decreases largely to about 0.06 s in (b) and (c). From Fig. 11,
the current tracking error is about 0.5 A and the recovery time is
about 0.15 s in (a) by the conventional DPCC method. Clearly
in (b) and (c), the motor performance is significantly improved
in terms of speed recovery time (0.08 s) and the current tracking
ability (zero steady-state error). Compared with the ISMC with
signum function, it can be observed that both the overshoot and
the chattering are smaller with the improved STA method further
applied.

In summary, according to the experimental results, it is
proved that the proposed method has satisfying current control
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performance. The disturbance rejection ability against parameter
mismatch and sudden change of external load torque is also
proved without damaging the system’s overall performance.

VI. CONCLUSION

This article is an extension of the conventional DPCC method
that grants disturbance rejection ability to the system against
lumped disturbance by a novel ISMC method. Meanwhile, im-
plementation steps and several issues in practical applications
have been discussed. Even if the chattering effect introduced
by the disturbance rejection term is significantly attenuated by
an STA method, it is still unavoidable when large disturbance
occurs. Future works will include the motor parameter iden-
tification since the more accurate the nominal values are, the
smaller gains are needed to ensure convergence, which is a
feasible method for further chattering attenuation.
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[38] B. Kürkçü, C. Kasnakoğlu, and M. Ö. Efe, “Disturbance/uncertainty esti-
mator based integral sliding-mode control,” IEEE Trans Autom. Control,
vol. 63, no. 11, pp. 3940–3947, Nov. 2018.

[39] J. Wang, X. Luo, L. Wang, Z. Zuo, and X. Guan, “Integral sliding mode
control using a disturbance observer for vehicle platoons,” IEEE Trans.
Ind. Electron., vol. 67, no. 8, pp. 6639–6648, Aug. 2020.

[40] K. Ogata, Discrete-time Control System, 2nd ed. Minneapolis, MN, USA:
Prentice-Hall, 2006.

[41] V. Utkin, J. Guldner, and J. Shi, Sliding Mode Control in Electro-
Mechanical Systems, 2nd ed. Boca Raton, FL, USA: CRC Press, 2009.

[42] A. Chalanga, S. Kamal, L. M. Fridman, B. Bandyopadhyay, and J. A.
Moreno, “Implementation of super-twisting control: Super-twisting and
higher order sliding-mode observer-based approaches,” IEEE Trans. Ind.
Electron., vol. 63, no. 6, pp. 3677–3685, Jun. 2016.

[43] J. A. Moreno and M. Osorio, “Strict Lyapunov functions for the
super-twisting algorithm,” IEEE Trans Autom. Control, vol. 57, no. 4,
pp. 1035–1040, Apr. 2012.

[44] J. Rodriguez and P. Cortes, Predictive Control of Power Converters and
Electrical Drives, 1st ed. Valparaiso, Chile: Wiley, 2012.

Yongxiang Xu (Member, IEEE) received the M.S.
and Ph.D. degrees in electrical engineering from the
Harbin Institute of Technology, Harbin, China, in
2001 and 2005, respectively.

In 2005, he joined the Department of Electri-
cal Engineering, Harbin Institute of Technology, as
an Assistant Professor. Since 2013, he has been a
Professor with the Department of Electrical Engineer-
ing, Harbin Institute of Technology. His current re-
search interests include permanent-magnet machine
design and control.

Shaobin Li was born in Liaoning Province, China,
in 1997. He received the B.S. degree in electrical
engineering in 2019 from the Harbin Institute of Tech-
nology, Harbin, China, where he is currently working
toward the Ph.D. degree with the School of Electrical
Engineering and Automation.

His current research interests include permanent-
magnet motor drives and control.

Jibin Zou (Senior Member, IEEE) received the M.S.
and Ph.D. degrees in electrical engineering from the
Harbin Institute of Technology, Harbin, China, in
1984 and 1988, respectively.

Since 1985, he has been engaged in the research
of electrical machines. He was a Visiting Research
Fellow with the University of Liverpool, Liverpool,
U.K., for one year. He is currently a Professor with
the State Key Laboratory of Robotics and System,
Harbin Institute of Technology. His current research
interests include permanent-magnet machine design

and control.
Prof. Zou has been a Senior Member of the IEEE Magnetics Society since

2000.



<<
  /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


