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An Enhanced Nonlinear ADRC Speed Control
Method for Electric Propulsion System:
Modeling, Analysis, and Validation

Chaoyu Zhang ¥, Chengming Zhang *“, Liyi Li

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

NDER the requirement of carbon dioxide emission re-
U 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 dg-axis are
expressed as follows [18]:
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where R, L4, and L, are the phase resistance, and two direct
quadrature inductances, respectively. ¥ ; is the permanent mag-
netic flux linkage, w, is the electrical velocity, u4 and u, indicate
the voltages, and i4 and i, denote the currents in the dg-axis. For
the surface-mounted PMSM (SPMSM), Ly = L,. Neglecting
the viscosity coefficient, the torque and the mechanical equations
of PMSM are given as follows:

(Ldid + \Iff) (1)

3
Te = §p\11flq (2)
dw, _ 1 T, _ 7.:%
{dt_JTe_f_blq+f 3)
3 . -
f= %\Df (Zq _Zq) - TTL

where w, is the actual speed of PMSM, T is the electromagnetic
torque, and 77, is the load torque under the propeller action..J
denotes the moment of inertia and p is the number of pole pairs,
such that w,. = w, /p. zfl is the g-axis current command, b is the
torque current gain, and b = 3p¥ ; /2.J. 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(77,) and thrust(F) generated by the propeller can be
expressed as follows:

TL = Cprng
“)

where p is the air density and D,, represents the propeller radius.
Cr 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.

F = Cppwaf,

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:

L —Wr L —
wr L = bij +fL — Bier 3)
fL=—Ber

where w, and @, p, represent the actual and observed values of
propeller speed, respectively. f1, is the observed result of the
disturbance, and 37 and 35 are the gain parameters of LESO. €,
represents the error between w, 1, and w,..

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:

eN—wrN_wr
wr_n = big + fn +Afr — Bafal (En, 1, 0)

fn= —ﬁ4fal (én,a2,9)

where @, n is the propeller speed observation obtained by the
nonlinear function, € is the error between observed and actual
speeds, and fn is the disturbance observation result except for
A f . 0y, iy and 0 are the parameters of the nonlinear function,
and 33 and 3, are the gain parameters of NESO. A is the defined
weighted rule function. Notably, this ESO is equivalent to the
traditional NESO if A = 0.

3) Characteristics of Nonlinear Function fal(e, c;, 0): fal(e,
«;, 0) is a function with nonlinear characteristics, which is
defined as follows [20]:

(6)

o fle[*sign(e),le] >
fCLl (eva’b76)_{e/5lai7 6‘ < K

where «; is a nonlinear factor determining the shape of nonlinear
function, § 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,
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IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 4, APRIL 2023

6
0<a, <1
e a =1
< a,>1
24 -l<a, <0
& i
Q critical point
I2
At I
1
H
% o 1 2 3

e

Fig. 2.  Function characteristic curve of fal(e, a;, §) [21].

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

a) Proportional mode: A large value of fal(e, o, §) 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, «;, 9) is desired to reduce the impact. In this
mode, considering « in the range of 0 < a; < 1 is more
appropriate for fal(e, a;, 6).

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

c¢) Differential mode: In this case, o; > 1 is appropriate for
fal(e, «;, 6). By thisrange, fal(e, o, ) 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 when o = 1, fal(e, «;, 6) will be a linear

feature, which is a special case. At the same time, when e = 1
is a critical point, any value of «; in this state has no effect on
fal(e, «;, §). For the propulsion system, the value of «; is more
suitable for proportional mode. ¢ brings discontinuity, and the
effect of its value is analyzed in the next section.

4) «; and § Parameters Selection: Equivalent gain method

can be used for (7), and its expression is as follows:

fal (e, a;,9) "

e

e=1;(e) xe.

®)

According to the above-mentioned equation, fal(e,a; ,0) can
be equated to the product of e and 7;(e).7;(e) is the nonlinear
gain of the error correlation. Clearly, the values of «; and § have
an important impact on 7;(e). The results are shown in Fig. 3.

As can be seen from Fig. 3(a), when «; is fixed, the constant
value interval of 7;(e) increases with the growth of ¢. Therefore,
it is necessary to determine a suitable constant value interval.
Generally, it is better to take the value of 0.02 < § < 0.1. Ac-
cording to Fig. 3(b), the gain of 7;(e) increases with the decrease
of o; when |e| < 1. This situation is reversed for |e| > 1. How-
ever, if o; value is too small, it may cause high frequency tremor.
If «; value is too large, it cannot play the advantages of fast
error attenuation and strong antidisturbance ability. According
to experience, a; > v is generally appropriate.
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Fig.3. Comparison of 7; (e) curve. (a) Different § with o; = 0.5. (b) Different

a;with 6 = 0.05.

B. Control Law Design

The disturbance synthesis observations A f 7, and f ~ of the
cascaded ESO are used to design the current command control
law, as presented in (5)

€3 =W, — Wr

. Bsfal(es,as,0)— (Afr+fn)
tq = b

9

where [35 is the proportional coefficient and esis the error be-
tween w; and w,.

C. Function Rule Design for the Weight Value A

Since fal(es, as, d)is used in the control law, so the value of A
can be increased after a step change in the speed command. This
approach enhances the ability to estimate the total disturbance
by A f1. Then, A can be appropriately reduced around the target
speed in order to enhance the proportion of fy in the total dis-
turbance estimation. Specifically, the following function design
is adopted to adjust the weight value A:

)"maxa |€3| 2 €2
)"min + ()\max - )\min) les|—ex ,e1 < |63| < ez

sl (10)
2—€1
)\minv ‘€3| S €1

A=

where Apax and Api, are the upper and lower limits of the weight
coefficients, e; and e, 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 €y = fN + A fL — f. After Laplace trans-
form and sorting, the expressions of errors can be obtained as
follows:

en ()= PP 0 () iy (9] (an
oys) = LA IOIZARE (3 4) — s (5]

Ax B
(12)

where én(s)and éf(s) are Laplace transforms of éy and
€y, respectively. Furthermore, w,(s) and i;(s) are Laplace
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transforms of w, and i, respectively. A = s2+/315+ 32
and B = 2+ 8371 (€x)s + Ba72(En). s is the Laplace operator.

It is obvious that the transfer function of each error has the
same characteristic equation

Ax B = (s"+B1s+ B2) x [s*+Bs71 (en) s + BaT2 (én)] -
(13)

There are many parameters to be determined in (13). For A,
introducing bandwidth w, to simplify the design of 31 and 35 is
a common method in [13]. When 31 = 2w, and 3> = w?, A is
equivalent to (s + wo)z. For B, we can also use this concept, but
7;(€n) is variable, excessive 34 may cause overshoot oscillation
of disturbance estimation in [14]. Therefore, the value of (4
can be appropriately reduced. 3 = 2w, and 34 = w? /2 can be
determined. In this way, the four control parameters in A and B
can be changed by adjusting w,, which simplifies the complex
parameter adjustment process.

Since 7;(éx) is changing with €y, 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 e, 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 € varies, i.e., for
any €y, the system gradually converges to the equilibrium state,
so ENESO has good convergence. Intuitively, the reduction of
wp causes the characteristic roots to move to the right.

B. Nonlinear fal(e, c;, §) 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 sin wt,
the actual output can be approximated by fundamental com-
ponent of the nonlinear link output. The result of fundamental
component is expressed as follows:

517%3 E S 6
4 fo7 rEaisiHthdwt
T+ 2B (sinwt) T dwt |’

B; (E) = (14)

E>6

where E and w are the amplitude and frequency of the input
error. v = arcsin(d/E). When «; is not an integer, it is difficult
to express the integral result from  to 7 /2. Therefore, the area of
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Fig. 5.
represent transfer functions with nonlinear characteristics.

Equivalent control block diagram of enhanced NADRC. Red boxes

the integrated function on the interval can be used to approximate
the result. Define describing function N;(E) = B;(E)/E, then
N;(E) for oy = 0.75, ag = 0.5 and 6 = 0.05 can be expressed
as follows:

o, B <6
2
7T_ _ E_ 3
er;ﬁza (3 ) a1><5 5 —7) ],E>6
+b1 x (5 =)
(15)
5, B <6
2
NQ(E): 71'5205 (7_2 1- (%) )
(Z-9)—ax (5-9)°
| = . JE>6
b2 x (5 =)
(16)

where a1 = 0.2772 and b; = 0.03546 are fitting coefficients of
aq = 0.75. Similarly,as = 0.2408 and by = 0.02552 are fitting
coefficients of ay = 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, N, (E) affects the amplitude of the
output result. The equivalent transfer function is shown in the
following equation:

_ $24+BsNi(En)s —

{Gl (8) = =7perane G3 (8) = smmEn

i (17)
s rana G4 (8) = B5Ns (Es)

GQ (S) =

Actually, each transfer function is an adjustment of the ampli-
tude and phase of the input signal. Assuming ey = E sin wt,
the main parts of the system can be expressed as follows:

fN = By, coswt,én1 = En1 sin (wt + ¢1)
éna = Enacos (wt + p2), €1, = Ep sin (wt + ¢r)
AfL:ABQEL cos (wt+¢r,) ,AfL—i—fN:Msin (wt+var)

(18)
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Fig. 6. Simplified control block diagram based on Fig. 5.

Efy = BaN2 (En)/w

ENl = EN 012 + D%,gol = arctan (Dl/Cl)

Eno = Ef/C35 + D3,y = arctan (D3 /Cs)

G=FnN1 cos p1+ Eng sin s, H=FEpn1 sin 1 — F 2 €oS o
Ep =+/G?+ H?, o1, = arctan (H/Q)

I = AP E7 cos @L/w + EfN,K = —AB2E, singpL/w

M = \/I? + K2, ¢y = arctan (I /K)

19)
where Ey,, Eni1, En2, Er, and M are the amplitudes of
corresponding parts. C'; and D, are the real and imaginary parts
of G (s). Cy and Dy are the real and imaginary parts of Ga(s).
1 and @y are the phase changes corresponding to G (s) and
G4(s). G and H are the expressions after sorting by én1 — €n2.
Similarly, I and K are the expressions after sorting according
toAfr + fn. @1 and @, are the adjusted phases.

Furthermore, the equivalent transfer function of éy and
AfL + fN can be expressed as follows:

N (En, ju) = edon, (20)
En

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
wy. = 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,jw) = —G3(s) {34‘ 6:4 (5)}

ST () 21

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

1+ N (Ey,jw) x L(En, jw) =0. (22)

The system stability can be determined using the relation-
ship between N'(Ey, jw) x L(En,jw) and point (—1, jO).
Setting w, = 60, oy = 0.75, as = 0.5, § = 0.05 and A = 0.5,
the curves in the s-plane are shown in Fig. 7.

Under different E'x in Fig. 7, the curves neither circle nor
cross point (—1, jO), so the enhanced nonlinear active distur-
bance rejection (ENADRC) system is stable. To further analyze
A, Fig. 8 shows the influence of A with different values on the
curves. When Fy is equal to 0.05, the growth of A makes the
curves gradually close to point (—1, jO), although all these curves
are satisfied with stability. Similarly, the results are shown in
En = 10. However, it is worth noting that when A is equal to
0.8, a nonsmooth change in the curve as w — oc.
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D. Performance Analysis of A f L+ f N

Since A f1, 4+ fy serves as an estimate of the total disturbance,
the value of A 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]:

[ = sw, — biy = Fsin(wt + pF) (23)

N = EN\/w2 + [B3 NV, (EN)]z,LpN = arcsin (w/N)
F = \/N2+ M?—2MN cos (¢pnm — ¢N)

= Msinpy—Fsinpy
Yr = arCta’nMcosgoMchoscpN

(24)

where N and F' represent the amplitudes of corresponding parts.
¢ and @F represent the phase changes.

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

ka+fL M sin (wt + o)
G (Enjw) = f ~ Fsin(wt+ ¢p)
- Mej(SDM*APF)_ (25)

In particular, @, x does not contain f 17, when A = 0, which
means that ENESO is a traditional NESO. Fig. 9 examines dis-
turbance evaluation results for different values of A under a wide
range of F/y. As Ey increases substantially, the estimation per-
formance of traditional ESO for f decreases significantly. The
introduction of A makes this attenuation well-improved. With
the increase of A, 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.

4525

10
0 A
%-10 =
T 20 [ A=0 z
2 o[ z
g" 2=0.5 E
S 40 |——1-038 g
E K
S0 | A=1 =
-60 -60 -
10° 10" 102 103 To° 10! 10° 10°
Frequency(rad/s) Frequency(rad/s)
() (b)

=7
—_
(=

0 0

=10 a»lo
%_20 =20
Z f—— 2=0 S 30} |=—— A=0
230 l— 2=02 Z 4o} |——1=02
§,,-40 A=0.5 250 A=0.5
S -50f [=—— 21=0.8 Z 60} [ 1=08

-60 A=1 0t [ _A=1

K - -80

000 107 107 100 10° 10! 102 10

Frequency(rad/s) Frequency(rad/s)

(©) (d

Fig. 9. Results of disturbance evaluation with different A. (a) Ey = 0.5. (b)
Exn =1.(c) Ey =10.(d) En = 50.

g vmm)
' S

Data collection of PC F \\ B

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

TABLE I
PARAMETERS OF SYSTEM

Parameters Value Parameters Value
Rated power 167 W Stator inductance 420 uH
SPMSM  Bus voltage 100 V Rated speed 1000 rpm
Pole numbers 10 Rated torque 1.59 Nm
Stator resistance  0.335 Q  Torque coefficient  0.57 Nm/A
Propeller  Diameter 1.4m Rotary inertia 0.035 kgem®
Weight 250 g Air density 1.225 kg/m’

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
w, = 60, a1 = 0.75, as = 0.5, = 0.05,b = 15, and S5 = 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 A on the speed regulation performance of the step speed
command. In the second step, A is dynamically adjusted in the
range of Ap,i, and A,y using the designed weight rule function,
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Fig. 11. Response curves for different values of A. (a) Speed step response.

(b) g-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 A

In order to evaluate the response of A to the step command, the
experiment is conducted based on different values of A = 0.4,
X = 0.6 and A = 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 A
significantly increases the overshoot of the system response
speed at the command step change. At the same time, the growth
of X increases the time for g-axis current to maintain the max-
imum current limit during the speed-up region, and the g-axis
current changes more violently during the speed-down region.
Therefore, the selected limits in this article are A, = 0.6 and
Amin = 0.4.

B. Speed Regulation Experiment With Adjustable )\

According to experimental results of speed regulation for
fixed values of X in the previous section, the limits of A.,;, and
Amax were determined for the respective values of e; and eo,
and the speeds 15 and 30 rpm were selected for the experiment.
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Fig. 12. Comparison of the response curves of NADRC and ENADRC in
terms of (a) speed step response and (b) g-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 g-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 A 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 iy 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,
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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

Disturbance |M,, | (rpm) t(s)
Ampli- Process NAD ENA AM NAD ENA At

tude (Nm) RC DRC RC DRC
1 Nm 0—1 264 218 4.6 046  0.33 0.13
1—0 26.8 19.5 7.3 046 032 0.14
450 1.S5Nm 0-1.5 39.2 31.3 7.9 0.53 0.36 0.17
rpm 1.5-0 393 34.1 5.2 0.55 0.41 0.14
2 Nm 0—2 53.3 41.9 11.4 0.64 0.42 0.22
2—0 58.6 445 14.1 0.63 047  0.16
1 Nm 0—1 26.3 21.3 5 0.47 0.37 0.1
550 1—-0 26.1 23 3.1 0.53 0.38 0.15
pm 1.5Nm 0—-1.5 389 34.3 4.6 0.52 039  0.13
1.5—0 43.3 33.7 9.6 0.59 0.45 0.14
2 Nm 0—2 52.1 42.9 9.2 0.58 0.41 0.17
2—0 61 46.3 147 059 048 0.11

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
setto 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 (M,,) and adjustment time () 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
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(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 Aza9, 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. AM and At 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.

e 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.

e 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.
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