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Abstract—The electric propulsion system is composed of perma-
nent magnet synchronous motor equipped with propeller load. Due
to the strong coupling of propeller speed and load torque, they con-
siderably characterize dynamic response and disturbance suppres-
sion capabilities of the speed controller. Traditional nonlinear active
disturbance rejection control (NADRC) is less effective in dealing
with a step change of command speed and large disturbance. In
order to provide faster response and stronger disturbance rejection
potential, an enhanced NADRC strategy is proposed in this article.
Initially, a linear extended state observer is applied to preliminary
estimate the total disturbance. Then, using the designed weight
regular function, this estimation is introduced into the nonlinear
extended state observer with a cascade structure. The convergence,
stability, and disturbance estimation performance of the proposed
strategy are then analyzed. Finally, experimental validation is per-
formed based on a constructed experimental platform. The results
show that the proposed method reasonably enhances the speed
response and antidisturbance performances.

Index Terms—Cascaded extended state observer (ESO),
electric propulsion system, enhanced nonlinear active disturbance
rejection (ENADRC), propeller load.

I. INTRODUCTION

UNDER the requirement of carbon dioxide emission re-
duction in the aviation industry, solar-powered unmanned

aerial vehicles (SPUAV) as new types of UAVs have received
increasing attention [1], [2]. High efficiency and light weight
of permanent magnet synchronous motors (PMSM) make them
applicable in electric propulsion systems to provide the required
lift of SPUAVs [3]. On the one hand, the aircraft should be
provided by the propeller. In the dynamic adjustment stage,
rapid response of propeller is necessary and PMSM needs to
bear the torque generated by the propeller. On the other hand,
the unsteady incoming flow and other complicated factors lead to
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the torque ripples generated by the propeller. So, more require-
ments are necessary for the dynamic response and disturbance
suppression of PMSM. Two principal speed control methods
are currently popular, namely parameter optimization-based
proportional integral and derivative (PID) speed controller and
observer-based speed controller.

PID controller is one of the most widely used technologies
in industrial applications. However, the PMSM with propeller
is strongly nonlinear and coupled. High performance require-
ments of the system are difficult to be fulfilled by traditional
PID speed controller. By development of intelligent algorithms,
they are frequently applied in parameter optimization of PID
controllers. An improved hybrid particle swarm optimization
algorithm was proposed, based on the integral time absolute
error (ITAE) as the objective function [4]. Continuous iterative
optimization of the PID control parameters gradually reduces
the ITAE and enhances the control performance. Experimental
results show that this method has good performance in terms
of responsiveness and anti-interference characteristics. A dy-
namic resetting particle swarm algorithm based on Broyden–
Fletcher–Goldfarb–Shanno was proposed in [5] to optimize
the control parameters. In comparison with the conventional
PID control which is susceptible to load perturbations, this
online optimization method by parameters can improve system
robustness. However, the degree of optimization is limited by
the number of fitness calculations. Combination of the swarm
learning process algorithm with Q-learning method was used to
correct the PID parameters and improve the system performance
[6]. Although the above-mentioned methods can enhance system
control performance, they inevitably cause long execution time
and increase computational complexity.

Using observer to estimate and compensate the uncertainty
is another method to improve system control performance.
In particular, development of modern control theory provides
many schemes for the speed control of PMSM, such as sliding
mode [7], [8], backstepping [9], and internal mode [10], [11]
controllers. However, due to the large flight height span and
complex operating conditions of the solar-powered UAVs, the
above-mentioned control method which depends on the model
precision is difficult to completely replace the PID speed con-
troller. In order to reduce the dependence on the model accu-
racy, the idea of active disturbance rejection control (ADRC)
was proposed [12]. The main principle is to use the designed
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extended state observer (ESO) to estimate the total disturbance
and compensate it in time in the control law in order to improve
the control effect.

ADRC can be classified as linear structure (LADRC) and
nonlinear structure (NADRC) according to different choices of
control gain. The control gain of LADRC is fixed, and imple-
mentation of the bandwidth method for parameter tuning is sim-
ple [13]. At the same time, the control effect is not characterized
by variation of disturbance amplitude, which limits its conver-
gence speed under small disturbances. NADRC uses a nonlinear
function instead of the fixed gain, which makes the control more
flexible, though it increases the complexity of parameter adjust-
ment. The effect of multiple parameter variations on control
performance of the system was compared and analyzed in [14].
Because of the time-varying nature of its control gain, the control
effect was better when the disturbance changed more slowly. For
large disturbance amplitude, due to its small gain under large
error, its disturbance observation ability is seriously reduced,
which means response speed is slower. Therefore, the ability of
NADRC to suppress large-scale disturbances is limited [15].

Cascade ESO is a suitable choice to improve the control
performance of ADRC. A cascaded ESO design was conducted
in [16] and [17] for disturbance estimation of PMSM system,
which significantly improved the antidisturbance potential of
the system. Unfortunately, the above-mentioned experiments
were carried out on the motor test platform such that the speed
and torque of the tested motor were decoupled. In the electric
propulsion system, because of the coupling characteristics of the
propeller, the load torque generated by the propeller changes
with the motor speed. This means that better performance of
disturbance estimation is required when the command speed
after a step change.

This article proposes an enhanced NADRC speed control
method based on the conventional NADRC in order to study the
applicability of cascaded ESO to PMSM system coupled with
propeller load. The method first utilizes linear extended state
observer (LESO) for initial estimation of system disturbance.
The resulted estimate is then introduced into nonlinear extended
state observer (NESO) according to the designed weight rule
function in order to improve the performance of NESO. The
rest of this article is organized as follows. Section II describes
the mathematical model of PMSM and propeller. The design
guidelines of the enhanced NADRC are introduced in Section III,
and its characterization is analyzed in Section IV. The coupling
system is implemented to carry out experiments, and effec-
tiveness of the proposed algorithm is verified based on speed
step response and disturbance simulation in Section V. Finally,
Section VI concludes this article.

II. SYSTEM MATHEMATICAL MODEL

A. Mathematical Model of PMSM

The voltage equivalent equations of PMSM in the dq-axis are
expressed as follows [18]:

did
dt

= − Rs

Ld
id +

1

Ld
ud +

Lq

Ld
ωeiq

diq
dt

= − Rs

Lq
iq +

1

Lq
uq − ωe

Lq
(Ldid +Ψf ) (1)

where Rs, Ld, and Lq are the phase resistance, and two direct
quadrature inductances, respectively. Ψf is the permanent mag-
netic flux linkage,ωe is the electrical velocity, ud and uq indicate
the voltages, and id and iq denote the currents in the dq-axis. For
the surface-mounted PMSM (SPMSM), Ld =Lq . Neglecting
the viscosity coefficient, the torque and the mechanical equations
of PMSM are given as follows:

Te =
3

2
pΨf iq (2){

dωr

dt = 1
J Te − TL

J = bi∗q + f

f = 3p
2JΨf

(
iq − i∗q

)− TL

J

(3)

whereωr is the actual speed of PMSM,Te is the electromagnetic
torque, and TL is the load torque under the propeller action.J
denotes the moment of inertia and p is the number of pole pairs,
such that ωr =ωe/p. i∗q is the q-axis current command, b is the
torque current gain, and b = 3pΨf/2J . The sum of internal and
external total disturbances to the system is notified by f .

B. Propeller Characteristics

The thrust demand of SPUAV must be supplied by propeller.
Due to aerodynamic effects [19], [20], the propeller provides
the required thrust while its torque must be supplied by PMSM.
The torque(TL) and thrust(F) generated by the propeller can be
expressed as follows:

TL = CT ρω
2
rD

5
p

F = CF ρω
2
rD

4
p (4)

where ρ is the air density and Dp represents the propeller radius.
CT and CF denote the torque and thrust coefficients, respec-
tively, which are nonlinear real variable functions of relative
inflow velocity, Reynolds number, and Mach number.

From (4), it can be seen that the propeller acts on the PMSM.
Accordingly, the torque and speed are strongly coupled, and the
speed regulation performance affects the load current.

III. ENHANCED NONLINEAR ADRC SPEED CONTROLLER

DESIGN

The above-mentioned discussion about LADRC and NADRC
indicates that both of them have certain limitations under differ-
ent disturbance forms. Therefore, the cascade form of linear and
nonlinear ESOs can be used to replace the traditional nonlinear
ESO. Fig. 1(a) describes that the speed and current double closed
loop system is used to control SPMSM, in which the speed loop
uses the enhanced NADRC algorithm and the current loop uses
the PI algorithm. Fig. 1(b) details the specific structure of the
enhanced NADRC.

A. Cascade Extended State Observer

1) Linear Extended State Observer: First, a LESO with fixed
gain characteristics is used to preliminarily estimate the total
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Fig. 1. Block diagram of enhanced NADRC structure for an SPMSM driver.
(a) Enhanced NADRC speed control system for SPMSM. (b) Detailed structure
of enhanced NADRC.

system disturbance, which is expressed as follows:⎧⎪⎨
⎪⎩
ẽL = ω̃r_L − ωr

˙̃ωr_L = bi∗q + f̃L − β1ẽL
˙̃
fL = −β2ẽL

(5)

where ωr and ω̃r_L represent the actual and observed values of
propeller speed, respectively. f̃L is the observed result of the
disturbance, and β1 and β2 are the gain parameters of LESO. ẽL
represents the error between ω̃r_L and ωr.

2) Enhanced Nonlinear Extended State Observer (ENESO):
By introducing the initial estimate of LESO for the disturbance
as a known part into the NESO, the following state equation can
be established:⎧⎪⎨

⎪⎩
ẽN = ω̃r_N − ωr

˙̃ωr_N = bi∗q + f̃N + λf̃L − β3fal (ẽN , α1, δ)
˙̃
fN = −β4fal (ẽN , α2, δ)

(6)

where ω̃r_N is the propeller speed observation obtained by the
nonlinear function, ẽN is the error between observed and actual
speeds, and f̃N is the disturbance observation result except for
λf̃L. α1, α2 and δ are the parameters of the nonlinear function,
and β3 and β4 are the gain parameters of NESO. λ is the defined
weighted rule function. Notably, this ESO is equivalent to the
traditional NESO if λ = 0.

3) Characteristics of Nonlinear Function fal(e,αi, δ): fal(e,
αi, δ) is a function with nonlinear characteristics, which is
defined as follows [20]:

fal (e, αi, δ)=

{|e|αisign (e) , |e| > δ
e
/
δ1−αi , |e| ≤ δ

(7)

whereαi is a nonlinear factor determining the shape of nonlinear
function, δ characterizes the size of nonlinear interval, sign (•)
denotes a sign function. The function features in (3) are repre-
sented in Fig. 2. According to different choices of proportional,

Fig. 2. Function characteristic curve of fal(e, αi, δ) [21].

integral, and differential modes, the value of αi can affect the
system performance, and it is characterized as follows:

a) Proportional mode: A large value of fal(e, αi, δ) is ex-
pected when error is small, in order to improve tracking
performance. Conversely, when the error is large, a small
value of fal(e, αi, δ) is desired to reduce the impact. In this
mode, considering α in the range of 0 < αi < 1 is more
appropriate for fal(e, αi, δ).

b) Integral mode: In this mode, the range of −1 < αi < 0
is more suitable for fal(e, αi, δ). When the error is
small, fal(e, αi, δ) increases and the integration effect will
dominate. In contrast, when the error is larger, fal(e, αi,
δ) gradually decreases, which can effectively avoid the
saturation phenomenon of the integration link.

c) Differential mode: In this case, αi > 1 is appropriate for
fal(e,αi, δ). By this range, fal(e,α, δ) decreases for smaller
errors, while it increases when the error is large. This
diminishes the differential effect around the target value.

It is worth noting that whenα = 1, fal(e,αi, δ) will be a linear
feature, which is a special case. At the same time, when e = 1
is a critical point, any value of αi in this state has no effect on
fal(e, αi, δ). For the propulsion system, the value of αi is more
suitable for proportional mode. δ brings discontinuity, and the
effect of its value is analyzed in the next section.

4) αi and δ Parameters Selection: Equivalent gain method
can be used for (7), and its expression is as follows:

fal (e, αi, δ)

e
× e = τi (e)× e. (8)

According to the above-mentioned equation, fal(e,αi ,δ) can
be equated to the product of e and τi(e).τi(e) is the nonlinear
gain of the error correlation. Clearly, the values of αi and δ have
an important impact on τi(e). The results are shown in Fig. 3.

As can be seen from Fig. 3(a), when αi is fixed, the constant
value interval of τi(e) increases with the growth of δ. Therefore,
it is necessary to determine a suitable constant value interval.
Generally, it is better to take the value of 0.02 < δ < 0.1. Ac-
cording to Fig. 3(b), the gain of τi(e) increases with the decrease
of αi when |e| ≤ 1. This situation is reversed for |e| > 1. How-
ever, ifαi value is too small, it may cause high frequency tremor.
If αi value is too large, it cannot play the advantages of fast
error attenuation and strong antidisturbance ability. According
to experience, α1 > α2 is generally appropriate.
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Fig. 3. Comparison of τi(e) curve. (a) Different δ withαi = 0.5. (b) Different
αiwith δ = 0.05.

B. Control Law Design

The disturbance synthesis observations λf̃L and f̃N of the
cascaded ESO are used to design the current command control
law, as presented in (5)⎧⎨

⎩
e3 = ω∗

r − ωr

i∗q =
β5fal(e3,α3,δ)− (λf̃L+f̃N)

b

(9)

where β5 is the proportional coefficient and e3is the error be-
tween ω∗

r and ωr.

C. Function Rule Design for the Weight Value λ

Since fal(e3, α3, δ) is used in the control law, so the value of λ

can be increased after a step change in the speed command. This
approach enhances the ability to estimate the total disturbance
by λf̃L. Then, λ can be appropriately reduced around the target
speed in order to enhance the proportion of f̃N in the total dis-
turbance estimation. Specifically, the following function design
is adopted to adjust the weight value λ:

λ =

⎧⎨
⎩

λmax, |e3| ≥ e2
λmin + (λmax − λmin)

|e3|−e1
e2−e1

, e1 < |e3| < e2
λmin, |e3| ≤ e1

(10)

where λmax and λmin are the upper and lower limits of the weight
coefficients, e1 and e2 are the upper and lower bounds of the
selected error, respectively.

IV. CHARACTERISTIC ANALYSIS OF ENADRC

A. Convergence of ENESO

According to equations (8), ENESO can be regarded as a
LESO with variable gain structure. Then, the estimation error of
total disturbance is ẽf = f̃N + λf̃L − f . After Laplace trans-
form and sorting, the expressions of errors can be obtained as
follows:

ẽN (s) =
(λβ2B −A) s

A×B

[
sωr (s)− bi∗q (s)

]
(11)

ẽf (s)=
(λβ2B−A)×β4τ2 (ẽN )−λβ2B

A×B

[
bi∗q(s)− sωr(s)

]
(12)

where ẽN (s)and ẽf (s) are Laplace transforms of ẽN and
ẽf , respectively. Furthermore, ωr(s) and i∗q(s) are Laplace

Fig. 4. Variation of characteristic roots with ẽN .

transforms of ωr and i∗q , respectively. A = s2+β1s+ β2

and B = s2+β3τ1(ẽN )s+ β4τ2(ẽN ). s is the Laplace operator.
It is obvious that the transfer function of each error has the

same characteristic equation

A×B =
(
s2+β1s+ β2

)× [
s2+β3τ1 (ẽN ) s+ β4τ2 (ẽN )

]
.

(13)

There are many parameters to be determined in (13). For A,
introducing bandwidth ωo to simplify the design of β1 and β2 is
a common method in [13]. When β1 = 2ωo and β2 = ω2

o , A is
equivalent to (s+ ωo)

2. For B, we can also use this concept, but
τi(ẽN ) is variable, excessive β4 may cause overshoot oscillation
of disturbance estimation in [14]. Therefore, the value of β4

can be appropriately reduced. β3 = 2ωo and β4 = ω2
o/2 can be

determined. In this way, the four control parameters in A and B
can be changed by adjusting ωo, which simplifies the complex
parameter adjustment process.

Since τi(ẽN ) is changing with ẽN , the characteristic roots
of the above-mentioned equation are also varying. Therefore,
it is necessary to make the trajectory of the characteristic roots
moving in the s-plane with ẽN , and the result is shown in Fig. 4.

As can be seen from Fig. 4, the characteristic roots are always
located in the left half of the s-plane when ẽN varies, i.e., for
any ẽN , the system gradually converges to the equilibrium state,
so ENESO has good convergence. Intuitively, the reduction of
ω0 causes the characteristic roots to move to the right.

B. Nonlinear fal(e, αi, δ) Based on Describing Function

As can be seen from Fig. 1(b), the system contains three
nonlinear links, which cannot be directly analyzed in frequency
domain. Describing function is an effective method to extend the
frequency response method in linear system to nonlinear system.
Especially in the field of stability analysis of nonlinear system,
describing function plays a great role.

According to [20] and [22], if the input error e(t) is E sinωt,
the actual output can be approximated by fundamental com-
ponent of the nonlinear link output. The result of fundamental
component is expressed as follows:

Bi (E) =

⎧⎪⎨
⎪⎩

E
δ1−αi

, E ≤ δ

4
π

[∫ γ

0
E

δ1−αi
sin2ωtdωt

+
∫ π

2

γ Eαi(sinωt)1+αidωt

]
, E > δ

(14)

where E and ω are the amplitude and frequency of the input
error. γ = arcsin(δ/E). When αi is not an integer, it is difficult
to express the integral result from γ toπ/2. Therefore, the area of
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Fig. 5. Equivalent control block diagram of enhanced NADRC. Red boxes
represent transfer functions with nonlinear characteristics.

the integrated function on the interval can be used to approximate
the result. Define describing function Ni(E) = Bi(E)/E, then
Ni(E) for α1 = 0.75, α2 = 0.5 and δ = 0.05 can be expressed
as follows:

N1(E) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1
δ0.25 , E ≤ δ

2
πδ0.25

(
γ − δ

E

√
1− (

δ
E

)2)

+ 4
πδ0.25

[(
π
2 − γ

)− a1 ×
(
π
2 − γ

)3
+b1 ×

(
π
2 − γ

)5
]
, E > δ

(15)

N2(E) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1
δ0.5 , E ≤ δ

2
πδ0.5

(
γ − δ

E

√
1− (

δ
E

)2)

+ 4
πδ0.5

[(
π
2 − γ

)− a2 ×
(
π
2 − γ

)3
+b2 ×

(
π
2 − γ

)5
]
, E > δ

(16)

where a1 = 0.2772 and b1 = 0.03546 are fitting coefficients of
α1 = 0.75. Similarly,a2 = 0.2408 and b2 = 0.02552 are fitting
coefficients of α2 = 0.5.

C. Stability Analysis Based on Harmonic Balance Method

Fig. 1(b) can be equivalent by using describing function, as
shown in Fig. 5. Essentially, Ni(E) affects the amplitude of the
output result. The equivalent transfer function is shown in the
following equation:{

G1 (s) =
s2+β3N1(EN )s
s2+β1s+(1−λ)β2

, G3 (s) =
s

s+β3N1(EN )

G2 (s) =
s

s2+β1s+(1−λ)β2
, G4 (s) = β5N3 (E3)

. (17)

Actually, each transfer function is an adjustment of the ampli-
tude and phase of the input signal. Assuming ẽN = EN sinωt,
the main parts of the system can be expressed as follows:⎧⎪⎪⎨
⎪⎪⎩
f̃N = EfN cosωt, ẽN1 = EN1 sin (ωt+ ϕ1)

ẽN2 = EN2 cos (ωt+ ϕ2) , ẽL = EL sin (ωt+ ϕL)

λf̃L=λβ2EL cos (ωt+ϕL) , λf̃L+f̃N =M sin (ωt+ϕM )

(18)

Fig. 6. Simplified control block diagram based on Fig. 5.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

EfN = β4N2 (EN )/ω

EN1 = EN

√
C2

1 +D2
1, ϕ1 = arctan (D1/C1)

EN2 = EfN

√
C2

2 +D2
2, ϕ2 = arctan (D2/C2)

G=EN1 cosϕ1+EN2 sinϕ2,H=EN1 sinϕ1−EN2 cosϕ2

EL =
√

G2 +H2, ϕL = arctan (H/G)
I = λβ2EL cosϕL/ω + EfN ,K = −λβ2EL sinϕL/ω

M =
√
I2 +K2, ϕM = arctan (I/K)

(19)

where EfN , EN1, EN2, EL, and M are the amplitudes of
corresponding parts. C1 and D1 are the real and imaginary parts
of G1(s). C2 and D2 are the real and imaginary parts of G2(s).
ϕ1 and ϕ2 are the phase changes corresponding to G1(s) and
G2(s). G and H are the expressions after sorting by ẽN1 − ẽN2.
Similarly, I and K are the expressions after sorting according
to λf̃L + f̃N . ϕL and ϕM are the adjusted phases.

Furthermore, the equivalent transfer function of ẽN and
λf̃L + f̃N can be expressed as follows:

N ′ (EN , jω) =
M

EN
ejϕM . (20)

Based on the above-mentioned results, Fig. 5 can be further
simplified to and analyzed based on harmonic balance method.
Since the harmonic balance method focuses more on the stability
of nonlinear structure, rather than the detailed study of the
response and internal state under different inputs. Here, we make
ω∗
r = 0 and simplify the system without changing the law of

signal transfer function, as in Fig. 6.
Assuming the total disturbance f = 0 in Fig. 6, the content

in the blue dotted bordered can be equivalent to

L (EN , jω) = −G3 (s)

[
s+G4 (s)

s

]
× 1

s+G4 (s)
. (21)

The characteristic equation of the above quasi-linearized sys-
tem can be expressed as follows:

1 +N ′ (EN , jω)× L (EN , jω) = 0. (22)

The system stability can be determined using the relation-
ship between N ′(EN , jω)× L(EN , jω) and point (−1, j0).
Setting ωo = 60, α1 = 0.75, α2 = 0.5, δ = 0.05 and λ = 0.5,
the curves in the s-plane are shown in Fig. 7.

Under different EN in Fig. 7, the curves neither circle nor
cross point (−1, j0), so the enhanced nonlinear active distur-
bance rejection (ENADRC) system is stable. To further analyze
λ, Fig. 8 shows the influence of λ with different values on the
curves. When EN is equal to 0.05, the growth of λ makes the
curves gradually close to point (−1, j0), although all these curves
are satisfied with stability. Similarly, the results are shown in
EN = 10. However, it is worth noting that when λ is equal to
0.8, a nonsmooth change in the curve as ω → ∞.
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Fig. 7. Stability results under different EN .

Fig. 8. Effect of different λ on the curves. (a) EN = 0.05. (b) EN = 10.

D. Performance Analysis of λf̃L + f̃N

Since λf̃L + f̃N serves as an estimate of the total disturbance,
the value of λ is very important to the disturbance estimation
performance. According to Fig. 6 and (3), the frequency char-
acteristic of f can be expressed as follows [23]:

f = sωr − bi∗q = F sin (ωt+ ϕF ) (23)⎧⎪⎪⎨
⎪⎪⎩
N = EN

√
ω2 + [β3N1 (EN )]2, ϕN = arcsin (ω/N)

F =
√
N2 +M2 − 2MN cos (ϕM − ϕN )

ϕF = arctanM sinϕM−F sinϕN

M cosϕM−F cosϕN

(24)

whereN andF represent the amplitudes of corresponding parts.
ϕN and ϕF represent the phase changes.

Using (18) and (23), the evaluation transfer function between
them can be established

G (EN , jω) =
λf̃N + f̃L

f
=

M sin (ωt+ ϕM )

F sin (ωt+ ϕF )

=
M

F
ej(ϕM−ϕF ). (25)

In particular, ω̃r_N does not contain f̃L when λ = 0, which
means that ENESO is a traditional NESO. Fig. 9 examines dis-
turbance evaluation results for different values of λ under a wide
range of EN . As EN increases substantially, the estimation per-
formance of traditional ESO for f decreases significantly. The
introduction of λ makes this attenuation well-improved. With
the increase of λ, the improvement effect is more significant.
For large disturbance variations, this implies that ENESO has
good estimation performance, which is conducive to improving
the antidisturbance potential of the system.

Fig. 9. Results of disturbance evaluation with different λ. (a) EN = 0.5. (b)
EN = 1. (c) EN = 10. (d) EN = 50.

Fig. 10. Electric propulsion system experimental platform. (a) System appli-
cation model. (b) Laboratory simulation of electric propulsion system.

TABLE I
PARAMETERS OF SYSTEM

V. EXPERIMENTAL RESULTS

According to the above-mentioned description, the system
experimental platform consisting of SPMSM and propeller load
is built as shown in Fig. 10. The switching frequency of the
driver is set to 10 kHz, and the system parameters are pre-
sented in Table I. The drive control parameters are selected as
ωo = 60, α1 = 0.75, α2 = 0.5, δ = 0.05, b = 15, and β5 = 30.
The experimental results are captured via CAN protocol con-
nected with the converter.

The first step of experiment is to compare the effect of different
values of λ on the speed regulation performance of the step speed
command. In the second step, λ is dynamically adjusted in the
range of λmin and λmax using the designed weight rule function,
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Fig. 11. Response curves for different values of λ. (a) Speed step response.
(b) q-axis current response.

and it is then compared with the conventional NADRC. Finally,
the impact of simulated disturbances on the two mentioned
control strategies is analyzed.

A. Speed Regulation Experiment With Fixed λ

In order to evaluate the response of λ to the step command, the
experiment is conducted based on different values of λ = 0.4,
λ = 0.6 and λ = 0.8. The speed command change process is as
follows: the initial speed is 240 rpm with the steady-state torque
of 0.48 Nm; after 0.16 s, the speed command is changed to 400
rpm for 1 s with the steady-state torque of 1.6 Nm; subsequently,
the speed command is increased to 550 rpm for 1 s with the
steady-state torque of 3 Nm; at 2.16 s, the speed command is
reduced to 450 rpm for 1 s with the steady-state torque of 2 Nm;
Then, the speed is further reduced to 350 rpm for 1 s with the
steady-state torque of 1 Nm; eventually, the speed is restored to
240 rpm and it is maintained constant for 1.64 s. In this way, the
experimental cycle is completed by the overall cycle period of
5.8 s. The experimental results are illustrated in Fig. 11.

It can be seen from experimental results that growth of λ

significantly increases the overshoot of the system response
speed at the command step change. At the same time, the growth
of λ increases the time for q-axis current to maintain the max-
imum current limit during the speed-up region, and the q-axis
current changes more violently during the speed-down region.
Therefore, the selected limits in this article are λmax = 0.6 and
λmin = 0.4.

B. Speed Regulation Experiment With Adjustable λ

According to experimental results of speed regulation for
fixed values of λ in the previous section, the limits of λmin and
λmax were determined for the respective values of e1 and e2,
and the speeds 15 and 30 rpm were selected for the experiment.

Fig. 12. Comparison of the response curves of NADRC and ENADRC in
terms of (a) speed step response and (b) q-axis current response.

Fig. 12(a) compares the response of NADRC and ENADRC
to the step command speed. From the results, ENADRC has
faster speed response and shorter steady-state time compared
with NARDC. However, the overshoot of ENADRC is slightly
greater than that of NADRC in the speed-down region. In terms
of q-axis current in Fig. 12(b), NADRC does not reach the max-
imum current limit during the speed-up region compared with
ENADRC. This means that ENADRC makes the actual speed
of propeller rise faster. Also, as the actual speed approaches the
command speed, the reduction of λ is beneficial to suppress the
speed overshoot.

C. Comparison of Disturbance Simulation Experiment

In the actual working environment of electric propulsion
system, the disturbance of wind will cause the fluctuation of
the speed and torque with the propulsion motor. However,
such situation is difficult to simulate in the traditional motor
test platform. Therefore, referring to the method in [24] and
[25], a component is super-imposed on the control law output
to simulate disturbance. In order to investigate the influence
of disturbance changes on the system tracking performance,
the disturbance simulation is carried out at 450 rpm and 550
rpm, with the nondisturbance steady-state torques of 2 Nm and
3 Nm, respectively. In this section, different step torque current
commands are added to simulate the impact of disturbance
changes on NADRC and ENADRC speed control. First, the
target speed is set. After stabilization of the actual speed, ad-
ditional i∗q is applied to simulate the increase of torque tracking
error caused by the reduction of load torque. Here, the maximum
load torque generated by the propeller is mainly considered,



ZHANG et al.: ENHANCED NADRC SPEED CONTROL METHOD FOR ELECTRIC PROPULSION SYSTEM 4527

Fig. 13. Experimental curve results for different operating conditions and
disturbance. (a) Comparison results of NADRC and ENADRC at 450 rpm
with disturbance amplitude of 1 Nm. (b) Comparison results of NADRC and
ENADRC at 550 rpm with disturbance amplitude of 1 Nm. (c) Comparison
results of NADRC and ENADRC at 450 rpm with disturbance amplitude of
1.5 Nm. (d) Comparison results of NADRC and ENADRC at 550 rpm with
disturbance amplitude of 1.5 Nm. (e) Comparison results of NADRC and
ENADRC at 450 rpm with disturbance amplitude of 2 Nm. (f) Comparison
results of NADRC and ENADRC at 500 rpm with disturbance amplitude of
2 Nm.

TABLE II
COMPARISON RESULTS FOR DIFFERENT SPEED AND DISTURBANCE

when the incoming flow is absent and the actual speed is stable,
and the command is increased to reduce the actual output. The
comparative experimental results are presented in Fig. 13 and
Table II.

In Fig. 13(a) and (b), the simulated disturbance amplitude is
set to 1 Nm. At 0.16 s, the disturbance changes from 0 to 1 Nm,
and after holding the disturbance of 1 Nm for 1.2 s, it is reduced
to zero at 1.36 s. Finally, this zero value is kept for 1.2 s. The
maximum overshoot (Mp) and adjustment time (ts) of ENADRC
algorithm at the speeds of 450 and 550 rpm are less than those
of NADRC algorithm. Similarly, the disturbance amplitude is
set to 1.5 Nm in Fig. 13(c) and (d) and 2 Nm in Fig. 13(e) and

(f). Considering Fig. 13(e) as an example, after disturbance of
NADRC algorithm, its feedback speed deviates greatly from the
command speed. The maximum overshoot speed is about 503.3
rpm when the disturbance increases at 0.16 s (about 491.9 rpm
for the ENADRC algorithm), while the maximum overshoot
speed is about 391.4 rpm when the disturbance decreases at
1.36 s (about 405.5 rpm for the ENADRC algorithm). This is
due to reduction of NADRC algorithm potential in suppressing
disturbance with the increase of disturbance amplitude. Because
of introduction of λz22, the ability of ENADRC in reduction of
disturbance is increased, so the maximum overshoot speed and
adjustment time are significantly better than NADRC. Table II
shows the comparison of NADRC and ENADRC under differ-
ent operating conditions. �M and �t represent the difference
between NADRC and ENADRC algorithms. This difference is
larger, the disturbance suppression effect of ENADRC is better.
On the whole, the overshoot speed of ENADRC is obviously
smaller than that of NADRC, and this advantage becomes more
and more significant with the increase of disturbance amplitude.
Compared with NADRC, the adjustment time of ENADRC is
basically reduced by more than 0.1 s.

VI. CONCLUSION

In order to improve the dynamic response and antidisturbance
capabilities of electric propulsion system equipped with pro-
peller load, an ENADRC control method was proposed in this
article. This method applied LESO to preliminarily estimate the
total system disturbance, and then introduced it into ENESO.
The system involved good speed response and disturbance sup-
pression ability using the designed weight rule function. The
experimental verification was carried out on the system platform,
and the following conclusions are obtained:
� The proposed ENADRC control algorithm resulted in ob-

vious advantages in the response speed of step command.
Variation of weight function rules enhanced the speed
response-ability.

� Based on the simulation of disturbance with different
amplitudes, it was observed that the speed controller of
NADRC was significantly affected by the disturbance
changes.

� The ENADRC algorithm was better than NADRC in terms
of disturbance suppression, especially in operating condi-
tions with abrupt disturbance changes. This advantage is
significant with the increase of disturbance amplitude.

REFERENCES

[1] P. F. Pelz, P. Leise, and M. Meck, “Sustainable aircraft design—A review
on optimization methods for electric propulsion with derived optimal num-
ber of propulsors,” Prog. Aerosp. Sci., vol. 123, Jun. 2021, Art. no. 100714.

[2] D. Ma, L. Zhang, M. Yang, X. Xia, and S. Wang, “Review of key tech-
nologies of ultra-long-endurance solar powered unmanned aerial vehicle,”
Acta Aeronautica et Astronautica Sinica, vol. 41, 2020, Art. no. 623418.

[3] C. Zhang, C. Zhang, L. Li, and Q. Guo, “Parameter analysis of power sys-
tem for solar-powered unmanned aerial vehicle,” Appl. Energy, vol. 295,
2021, Art. no. 117031.

[4] S. Fang, Y. Wang, W. Wang, Y. Chen, and Y. Chen, “Design of per-
manent magnet synchronous motor servo system based on improved
particle swarm optimization,” IEEE Trans. Power Electron., vol. 37, no. 5,
pp. 5833–5846, May 2022.



4528 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 4, APRIL 2023

[5] J. Yang, M. Dou, G. Luo, and D. Zhao, “A reset particle swarm optimization
PID control of permanent magnet BLDC motor for airscrew load,” J.
Northwestern Polytechnical Univ., vol. 34, no. 3, pp. 313–320, Apr. 2016.

[6] J. Pongfai, X. Su, H. Zhang, and W. Assawinchaichote, “PID controller
autotuning design by a deterministic Q-SLP algorithm,” IEEE Access,
vol. 8, pp. 50010–50021, 2020.

[7] A. K. Junejo, W. Xu, C. Mu, M. M. Ismail, and Y. Liu, “Adaptive speed
control of PMSM drive system based a new sliding-mode reaching law,”
IEEE Trans. Power Electron., vol. 35, no. 11, pp. 12110–12121, Nov. 2020.

[8] 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.

[9] J. Linares-Flore, C. García-Rodríguez, H. Sira-Ramírez, and O. D.
Ramírez-Cárdenas, “Robust backstepping tracking controller for low-
speed PMSM positioning system: Design, analysis, and implementation,”
IEEE Trans. Ind. Inf., vol. 11, no. 5, pp. 1130–1141, Oct. 2015.

[10] S. Li and H. Gu, “Fuzzy adaptive internal model control schemes for
PMSM speed-regulation system,” IEEE Trans. Ind. Inf., vol. 8, no. 4,
pp. 767–779, Nov. 2012.

[11] Z. Ping, T. Wang, Y. Huang, H. Wang, J. G. Lu, and Y. Li, “Internal model
control of PMSM position servo system: Theory and experimental results,”
IEEE Trans. Ind. Inf., vol. 16, no. 4, pp. 2202–2211, Apr. 2020.

[12] H. Sira-Ramirez and M. A. Oliver-Salazar, “On the robust control of buck-
converter DC-motor combinations,” IEEE Trans. Power Electron., vol. 28,
no. 8, pp. 3912–3922, Aug. 2013.

[13] Y. Zuo, X. Zhu, L. Quan, C. Zhang, Y. Du, and Z. Xiang, “Active
disturbance rejection controller for speed control of electrical drives using
phase-locking loop observer,” IEEE Trans. Ind. Electron., vol. 66, no. 3,
pp. 1748–1759, Mar. 2019.

[14] B. Sun, H. Wang, T. Su, C. Sheng, and X. Lv, “Nonlinear active disturbance
rejection controller design and tuning for permanent magnet synchronous
motor speed control system,” Proc. CSEE, vol. 40, no. 20, pp. 6715–6725,
Oct. 2020.

[15] Z. Chen and Q. Gao, “Linear/nonlinear switching extended state observer,”
Control Theory Appl., vol. 36, no. 6, pp. 902–908, Jun. 2019.

[16] Z. Yang, J. Jia, X. Sun, and T. Xu, “An enhanced linear ADRC strategy
for a bearingless induction motor,” IEEE Trans. Transp. Electrific., vol. 8,
no. 1, pp. 1255–1266, Mar. 2022.

[17] G. Wang, R. Liu, N. Zhao, D. Ding, and D. Xu, “Enhanced linear
ADRC strategy for HF pulse voltage signal injection-based sensorless
IPMSM drives,” IEEE Trans. Power Electron., vol. 34, no. 1, pp. 514–525,
Jan. 2019.

[18] Z. Hao et al., “Linear/nonlinear active disturbance rejection switching
control for permanent magnet synchronous motors,” IEEE Trans. Power
Electron., vol. 36, no. 8, pp. 9334–9347, Aug. 2021.

[19] F. Bauer, C. M. Hackl, K. M. Smedley, and R. M. Kennel, “Multicopter
with series connected propeller drives,” IEEE Trans. Control Syst. Tech-
nol., vol. 26, no. 2, pp. 563–574, Mar. 2018.

[20] D. Wu and K. Chen, “Frequency-domain analysis of nonlinear active
disturbance rejection control via the describing function method,” IEEE
Trans. Ind. Electron., vol. 60, no. 9, pp. 3906–3914, Sep. 2013.

[21] C. Zhang, C. Zhang, L. Li, H. Liu, and P. Fu, “Research on linear/nonlinear
active disturbance rejection hybrid control method for electric propulsion
system based on propeller load,” Proc. Chin. Soc. Elect. Eng.,” 2022.

[22] D. Wu and K. Chen, “Limit cycle analysis of active disturbance rejec-
tion control system with two nonlinearities,” ISA Trans., vol. 53, no. 4,
pp. 947–954, Mar. 2014.

[23] L. Zhu et al., “Nonlinear active disturbance rejection control strategy
for permanent magnet synchronous motor drives,” IEEE Trans. Energy
Convers., vol. 37, no. 3, pp. 2119–2129, Sep. 2022.

[24] R. Yang, L.-Y. Li, M.-Y. Wang, C.-M. Zhang, and Y.-M. Zenggu, “Force
ripple estimation and compensation of PMLSM with incremental extended
state modeling-based Kalman filter: A practical tuning method,” IEEE
Access, vol. 7, pp. 108331–108342, 2019.

[25] F. Wang et al., “Modified active disturbance rejection control scheme with
sliding mode compensation for airborne star tracker driven by permanent
magnet synchronous motor,” Control Eng. Pract., vol. 127, Jul. 2022,
Art. no. 105267.

Chaoyu Zhang received the B.S. degree in electrical
engineering from East China Jiaotong University,
Nanchang, China, in 2014, and the M.E. degree in
electrical engineering from the Harbin Institute of
Technology (HIT), Harbin, China, in 2017. He is
currently working toward the Ph.D. degree with the
Harbin Institute of Technology (HIT), Harbin, China.

His current research interest is mainly engaged in
the research of electric propulsion system of solar-
powered UAV.

Chengming Zhang received the B.E., M.E., and D.E.
degrees in electrical engineering from the Harbin In-
stitute of Technology (HIT), Harbin, China, in 2005,
2007, and 2013, respectively.

From 2013 to 2019, he was a Lecturer with the
School of Electrical Engineering and Automation,
HIT. Since 2019, he has been an Associate Profes-
sor with the Department of Electrical Engineering,
HIT. His research areas include high efficiency motor
systems, high speed motors, energy conversion and
control.

Liyi Li (Senior Member, IEEE) was born in Hei
Longjiang, China, in 1969. He received the B.E.,
M.E., and D.E. degrees from the Harbin Institute of
Technology (HIT), Harbin, China, in 1991, 1995, and
2001, respectively.

Since 2004, he has been a Professor with the School
of Electrical Engineering and Automation, HIT. He
has authored or coauthored more than 110 technical
papers, and holds 50 patents. His research areas are
in control and drive of high-speed permanent magnet
synchronous motors and linear motors.

Hongchen Liu (Senior Member, IEEE) received the
B.S. degree in electrical engineering from Northeast
Agricultural University, Harbin, China, in 2001, and
the master’s and Ph.D. degrees in electrical engineer-
ing from the Harbin Institute of Technology (HIT),
Harbin, China, in 2003 and 2007, respectively.

In 2009, he joined the Department of Electrical
Engineering, HIT, as a Lecturer, where he has been a
Professor of Electrical Engineering since 2020. From
2008 to 2012, he was a Postdoctoral Fellow in Mea-
suring and Controlling Technology and Instrument

Specialty. He has authored more than 60 technical papers published in journals
and conference proceedings. His current major research interests include dc–dc
converter and inverter in photovoltaic system, matrix converter, and nonlinear
dynamics in power electronics.



<<
  /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 true
  /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 true
  /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


