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ABSTRACT In the field of ship-borne PMSM, there exists the sea wave fluctuations, external disturbances
thus model uncertainties are always challenging the control design of ship-borne permanent magnet
synchronous motors (PMSMs). To deal with this problem, a super-twisting extended state observer (SESO)
is used in this paper to observe state variables accurately. Moreover, to solve the phase delay problem
in active disturbance rejection control (ADRC), Taylor’s formula-based tracking differentiator (TTD) is
applied in the proposed hybrid control strategy. With appropriate compensate of disturbance, denoted as
super-twisting hybrid control, the controlled position signal can follow the reference with small tracking
errors, also with improved dynamic performance. Simulation results show that the proposed super-twisting
hybrid control has the better anti-disturbance and tracking performance compared with the traditional
ADRC. Lastly, semi-physical experimental results further validate the effectiveness of the control strategy
for ship-borne PMSMs.

INDEX TERMS Super-twisting extended state observer, Taylor’s formula-based tracking differentiator,

hybrid control, ship-borne PMSM.

I. INTRODUCTION
ERMANENT magnet synchronous motors (PMSMs)
have been developed widely in ship-borne system
because of the large torque density, high efficiency and fast
response [1]. Considering the disturbances from unknown
sea wave fluctuations, it is necessary to enhance the anti-
disturbance performance of ship-borne control system. The
design specifications of our ship-borne control system are
given as follows [2].
(1) Horizontal angle control range: 0° ~ 49°;
(2) Static error range: —0.06° ~ 0.06°;
(3) Dynamic error range: —0.8° ~ 0.8°;
(4) The time for angle turns from 0° to 49°: within 8 s.
PID control method is one of the most commonly used
control methods in industry. However, the integral part of
PID will produce calculation errors, which has restricted
limitations when addressing nonlinear problems. Active dis-
turbance rejection control (ADRC) is proposed in [3], which
can deal with the nonlinear problem effectively. Therefore,

The review of this article was arranged by Associate Editor Chi-Hua
Chen.

ADRC is widely applied in engineering fields such as
photoelectric tracking, artillery control and AC servo system,
etc. [4]-[7]. ADRC is comprised of tracking differentia-
tor (TD), extended state observer (ESO) and nonlinear state
error feedback (NLSEF). There are numerous adjustable
parameters in ADRC, among that phase delay phenomenon
is inevitable due to large amount of calculations. To optimize
the controller parameters, a novel ADRC based on finite-time
convergence extended state observer was presented in [8] to
acquire better robustness performance. In order to reduce
phase delay, Taylor’s formula was utilized to compensate
phase delay of differential processing in [9].

The point of improving anti-disturbance performance of
ADRC is to improve the estimation accuracy of ESO, a com-
prehensive summary and systematic analysis on the external
disturbance/uncertainty estimation and attenuation methods,
for example, disturbance observer based control, ADRC, and
composite anti-disturbance control which is given in [10].
Fractional-order extended state observer has been addressed
in [11] to affirm the estimated disturbance accurately, but its
high-frequency switching gain will cause the chattering phe-
nomenon. Non-singular terminal sliding mode observer was
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proposed to solve the problem of differential state amplify
noise and phase delay problems in [12]. A novel finite-time
control with time-varying second-order nonlinear disturbance
observer is proposed to improve the performance of overcur-
rent protection and disturbance rejection for PMSM system
in [13].

Super-twisting extended state observer (SESO) is widely
used in nonlinear systems due to its advantages on con-
vergence speed and anti-disturbance performance [14], [15].
In [16], a third-order super-twisting extended state observer
was proved to acquire better dynamic performance in posi-
tion control loop and more precise disturbance estimation,
its stability and convergence speed were also analyzed.
A high-order super-twisting extended state observer was
proposed in [17], which eliminates the non-derivable term
kpsign(e1) in the low-order observer and the second-order
sliding surface. Based on above analysis, super-twisting ESO
is thereby used to observe disturbances of the studied PMSM
system, and then compensated disturbance by NLSEF. In
this paper, we proposed a SESO that is able to keep the
main above-mentioned advantages of standard super-twisting
algorithm.

Super-twisting sliding mode control observer in rotor
synchronous frame through integral back stepping is
applied in IPMSM [18]. A generalized super-twisting algo-
rithm (GSTA) is proposed in [19], which used to solving
the trajectory tracking problem of articulated intervention
autonomous underwater vehicle (AIAUVs) in six degrees
of freedom (6DOF). Existing modifications of the super-
twisting algorithm allow for improved disturbance rejec-
tion capability. The properties and design framework of
disturbance-tailored super-twisting are analyzed in [20]. The
parameters in disturbance-tailored super-twisting controller
has been given in [20, eq. (28)]. Chattering phenomenon
has been discussed in [21], it has been shown that as the
value of the unmodeled dynamic increases the amplitude
of chattering increases. The simulation results show that
increasing the value of the gain a in super-twisting slid-
ing mode can improve anti-disturbance performance but
raises the amplitude of the chattering. Super-twisting slid-
ing mode control (SMC) has been quantized in [22]. With
the static uniform quantization strategy, stability properties
of the system with quantized state feedback have been
obtained. Super-twisting sliding mode control has been
compared with conventional sliding mode control [23]. It
also point out that reduce chattering amplitude is one
of the design difficulty in super-twisting sliding mode
control.

The schematic tructure of the proposed super-twisting
hybrid control method is given as Fig. 1. In general,
working with the Pl-based current control and Pulse-Width
Modulation (PWM), a super-twisting hybrid control strategy
is proposed to stabilize the angle and its speed of PMSM. The
measured angle of PMSM is obtained by a resolver, based
on which, estimated angle 0, angle speed @ , disturbance
d can be given by the super-twisting ESO, and feedback to
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FIGURE 1. Structure of super-twisting hybrid control.

hybrid control. Then, the g-axis current reference i(’; is given
by the hybrid control and feedforward to calculate the i,
tracking error, which can derive the g-axis voltage via a PI
controller.

The main contributions of this
follows.

(1) A novel super-twisting ESO is introduced for ship-
borne PMSM hybrid control. Super-twisting algorithm has
the merits of finite-time convergence and robustness. Based
on the super-twisting ESO, the ship-onboard PMSM system
disturbance can be estimated fast. (2) Compared with
ADRC, super-twisting hybrid control has fewer parame-
ters to adjust; Moreover, a better dynamic performance can
be achieved by the proposed control strategy. (3) Taylor’s
formula-based TD (TTD) is applied to overcome the phase
delay in traditional TD, which improves tracking accuracy
effectively.

article are listed as

Il. MATHEMATICAL MODEL OF PMSM

There are two PMSMs in this ship-borne control system, one
of them is used to control the ship vertical angle, another
one is used to control the ship horizontal angle. This paper
focuses on the horizontal angle control and the mathematical
model of PMSM in d-q axis is given as:

. R . s u
ld:—mld+Hqu+ﬁ

D L./

lg = —1,lq = nwia — 7. +Lq (1)

& = 7 (Keig — Tr — Bw)

where uy, u, are stator voltages; iy, i, are stator currents;
Ly, L, are stator inductances. In surface mounted PMSMs,
Ly = Ly = L; vy is magnetic flux; R is stator resistance;
p is pole-pair numbers of PMSM; J is inertia moment of
rotor; B is friction modulus; w is angular velocity of rotor;
K. is torque constant (7, = %nwfiq = K.ig4, n is pole-pair
number); T is load torque.

Assume iy = 0, the mathematical model of PMSM can
be rewritten as

i'-qzl—giq.—nwid—nllﬂ-i-bz—q )
w = 7(Kelq — T — Ba))
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Set b = K" , d(¢) is total disturbance, the mathematical
can be 31mp11ﬁed as

=0
& = bit +d(1)

. 3
)=~ — B — K17 —iy) *
y=¢0

Ill. SUPER-TWISTING HYBRID CONTROL

A. TAYLOR’S FORMULA-BASED TD

One of the crucial objectives of TD design is to eliminate the
phase delay. Since the Taylor’s formula can compensate the
phase delay effectively [9], it is used in the TD design, as

- (kn) ( )
Zatknr) =gd(kn)+gd " kst — o) + SLT (k1 — k)2
)
( ki) .
+ - + (kn+l n)
(n+1)
84 (5) n+1
N n - 4
+ )] (knt1 — kn) “4)
Traditional Taylor’s formula-based TD is
Zalknt1) = galkng1) + re Ak - gy(kns1) 5

where, Ak = k,+1 — k, = rch is delay time, compensation
step is rc, set n < 4.
According to [5], the nonlinear function fst(-) is given as

_ | =r@/d), lal <d

fst(x1(k), x2(k), r, h) = {_rsgn(a) al > d
0= x2 (k) 4+ 5 4sen(y(k)), lyk)| > do
x (k) + X ), ()| < do

d = rh,dy = dh, ap = +/d* + 8r|y(k)|

y(k) = x1(k) + hxa (k) — ya(k) (6)

where y;(k) is reference signal, his step length and r denote
speed. x1 (k) and x, (k) tracking y,(k) and y;(k) respectively.

Denote 6* as the tracking reference and Ar as the time
interval, the second-order TD is

0% (t) = 0(t) + 0/ (N AL + %0”(&)&2 )

where 6*(f) is the input, 0(t + Ar) is the output. Combined
with fst(-) function, Taylor’s formula-based TD is finally
derived as

Oc(t+ A1) = 6(1) + 0" () Ar + %G”(é‘)m2
we(t + Af) = w(t) + At - fst(0(k), w(k), ro, ho)
1
+ S ©Ar, ®)

B. SUPER-TWISTING EXTENDED STATE OBSERVER

Super-twisting hybrid control method is composed of TTD,
hybrid control and super-twisting ESO, which is drawn in
the dotted block of Fig. 1. Dotted box in Fig. 1 is enlarged in
Fig. 2. TTD transfers differentiator signals to hybrid control
while super-twisting ESO transfers the estimate disturbance
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FIGURE 2. Structure of position and speed loop.
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d to hybrid control, which is then actively compensated. Set
state variablesf, w and d as state variables, then the state
equations are given as

f=w
w = biy+d ©)]
y=20.

1) TRADITIONAL ESO
Traditional ESO is given as:

e(k) = z1(k) — y(k),
21k + 1) = z1(k) — hlza(k) — Bore(k)],
2k +1) = z3(k) — h[z3(k) — Boofal(e(k), a1, 81) + bu(k)],

3(k+ 1) = z3(k) — hpoafal(e(k), a2, 81).

o) le(k)| <&
h I(e(k §) = o
where, Jal(e(®), a,8) = {|e<k)|“s1gn(e<k>) le(k)| > &
can be known that h, Bo1, Bo2, Bos, @1, o2, 61 are all the

parameters need to be adjusted.

10)

2) SESO DESIGN

There are many parameters in the traditional ESO that need
to adjust, making trail-and-error process complicated. In con-
trast, super-twisting ESO has better observation accuracy and
fewer parameters to adjust. 0, ® and d represent the obser-
vation values of 6, w and d. Super-twisting ESO can be
given as

e =0—w
é-cb-i—ﬂez

» = —ki¢1(®) +d + bi}
=—k2¢2( ) + 00

1)

where
{dn = |&|"Psign(es) + ksez
$2(@) = ¢} (0)¢1 (@) = 3sign(@) +

The parameters are obtained by setting k; = 6&/,
ky = 11172 and k3 = 6&, where the constant boundary &
is defined as |21 | < & [17]. Sinusoidal disturbance is defined
as p(t) = SSm( 1) in this paper, (8 > 0) is the error
correction gain, Wthh is set as B = 0.01 in this paper.

%k3|&)|1/2sign(c?)) + k%(f)

3) STABILITY ANALYSIS

In order to analyses the stability of super-twisting ESO,

simplified Lyapunov function is proposed in [24]:
V=09"Pp (12)
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State variable is (pT = [¢1 (@), (}], then the derivative of

@ is

- ¢ (@)o o
v [ k2¢2(( ))+ ,O(t):| = ¢ (“’)[
= ¢{(®)(A¢ + BD)

where D is disturbance matrix, A and B are coefficient
matrix, which are given as

— b 0 %
A=|: 21 (1):|’B:|:0 1 :|,D:|:151j|'

s ¢1(@) p
Assume P(P = PT > 0) is a symmetric positive definite
0
0 6,
positive constant, there will be a matrix inequality:

ATP+PA+eP+R PB4+ ST <0
BTP+S ) =

k(&) + J&)

13)

kg (& )+21+bi;]

matrix, and there is a matrix ® = . 01,0, ¢ are

(14)

According to [20], the convergence time is given as

T=—1In

s (15)

2k 1
Vi) + 1)
mln{P}
The derivative of Lyapunov function is V = ¢” Pp+¢! Pg,
it can be derived as [25]:
V=¢"Pp+¢ Py
= 9(@) (¢7AP + dBTP)p + ¢ P(9] (&) (Ap + BD))

=9i(@)|

(91" [ATP+PA PB][e
| D BP 0 || D

o7 (ATP + PA)¢ +DTB Py + (pTPBD]

=¢{(®

~—

- T T
1N A'"P+PA PB
cwela] [ )
< =@ (®)eV = ———¢eV —kzeV
2lo)?
skz {P}

%VZ —kzeV < 0. (16)

This proves that the system can converge to the origin
point in finite time.

C. FINITE TIME CONTROL
Finite time control is a novel control method, which can

converge to origin point within finite time, the control law is:
u = —k'sign(e)|e|®. (17)

Finite time control is combined with super-twisting ESO
in this paper, which is given as
1 .
i = E[—k’51gn(ez)|ezla - z3] (18)

where k' is proportion gain, 0 < o < 1.
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TABLE 1. Parameters in simulation and experiment.

Symbol Parameter Value
J moment of inertia 5.556x10°kgx m’
B friction coefficient 1.43x10* (N xm)/(radxs™)
T, disturbing moment 9.32x10°kg x m”
K, motor torque factor 0.175(N x m)/A

i reduction ratio 1039

L,=L, stator inductance 21.24mH

p pole pairs 3

v, motor magnetic flux 0.65Wb

k, Parameter in SESO 6.036

k, Parameter in SESO 163.156

k, Parameter in SESO 1320

B Parameter in SESO 0.01

A
Traditional Differentiator
—1TD
Reference

-10

Position ( )

-30

g 8 9 10

Time (s)

FIGURE 3. Differentiator with random noise.

i ! T~ 1 —
= == Reference
0 Taylor’s formula based TD ||
—TD
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-30

Time (s)

FIGURE 4. Differentiator tracking curve.

IV. SIMULATION RESULTS
In order to test the performance of super-twisting hybrid
control, stepped and sinusoidal signal tracking simulations
are conducted in MATLAB/Simulink. Parameters in Taylor’s
formula-based TD are set as & = 0.01, rc = 1000. The
parameters of PMSM are listed in Table 1.

Differentiator simulation results are given by Figs. 3 & 4.
In the processing of traditional differentiator, noise is usually
amplified.
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FIGURE 6. Step simulation with random disturbances.

TABLE 2. Performance comparison of step response.

Convergence Recover
Control Method Time (s) Time (s) RMSE
Super-twisting
Hybrid Control 1.07 0.2 2.5942
ADRC 1.39 0.4 2.9829 |

In Fig. 3, the maximum ripple of traditional differentia-
tor is about 7.390, while TD is 0.003° TD. It shows TD
can suppress noise effectively. The maximum ripple of tra-
ditional differentiator is about 7.390, while TD is 0.003°.
Furthermore, as shown in Fig. 4, as the same position, com-
pared with reference signal, TD has delayed 0.036s, while
Taylor’s formula based TD delayed 0.03s. Therefore, com-
pared with traditional TD, Taylor’s formula-based TD can
track the reference signal more accurately.

In order to validate the anti-disturbance of the proposed
method, two different forms of external disturbances are
loaded in simulations. In this section, step disturbance and
random disturbances is applied in simulation, the experimen-
tal results are given in Fig. 5 and Fig. 6 respectively.

Step response simulation is conducted with step
disturbance and random disturbances, as shown in
Figs. 5&6 respectively. It can be seen from Fig. 5 and sum-
marized in Table 2 that, super-twisting hybrid control can
reach 30° within 1.07s, while ADRC needs 1.39s to reach
the reference angle. Super-twisting hybrid control can give
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FIGURE 8. Sinusoidal tracking error.

a better anti-disturbance performance, which takes 0.2s to
recover, while ADRC needs 0.4s. This experiment proved
super-twisting hybrid control has fast convergence speed and
better anti-disturbance.

In this case of loading random disturbance, whose noise
amplitude is about 3.6 degree, tracking curves are shown in
Fig. 6. It can be seen that super-twisting hybrid control has
high level chattering compared with ADRC after 1.5s, but
RMSE is relatively lower (given in Table 2). This simula-
tion result demonstrates the proposed super-twisting hybrid
control has better anti-disturbance performance than ADRC,
but chattering phenomenon needs to be solved.

Chattering phenomenon is mainly caused by unmolded
dynamics and high feedback gain or discontinuous con-
trol. Super-twisting algorithm has the merit of finite time
convergence, which implies a non-Lipschitzian switching
function with infinite derivative in the origin, it will result
in high amplitude chattering problem [23]. It can be seen
from Fig. 6, compared to ADRC, the chattering suppres-
sion and theoretical analysis for super-twisting hybrid control
faces great difficulties for quite some time. This experimental
result shows the design difficulty of super-twisting control is
how to balance the conflicts between chattering suppression
and finite time convergence.

The comparative simulation results of ADRC and super-
twisting hybrid control for sinusoidal signal tracking are
shown in Figs. 7 & 8. In this simulation, the sinusoidal
signal’s amplitude is 30° with period of 3.768s. It can be
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»  While()
No No

Obtain position signal
through I/O port

!

Calculate the value of
DAC by the proposed
control method

!

FIGURE 10. Implementation flowchart of driving PMSM.

seen from Fig.7 that, compared with ADRC, super-twisting
hybrid control has a smaller phase delay. The corresponding
sinusoidal signal tracking error of the two controllers are
shown in Fig. 8. In the steady state, the maximum error of
super-twisting hybrid control is only 0.045° while ADRC is
0.064°. The tracking error of super-twisting hybrid control
is smaller than ADRC, which demonstrates super-twisting
hybrid control has a higher dynamic tracking accuracy.

V. SEMI-PHYSICAL EXPERIMENT

The overall structure of shipborne rocket launcher system is
shown in Fig. 9, where STM32 micro-controller uses C pro-
gramming language to simulate the position loop and speed
loop control. Control computer is used to send command
signal through C++ programming language.

We use Visual C++6.0 (VC) as the development platform.
The test uses an embedded computer to simulate the state
of the fire control computer and send signals to the system
through Controller Area Network (CAN). After initializing
the chip, the system enters the cycle program and waits
for the generation of the corresponding interrupt, then exe-
cutes the service program of the corresponding interrupt.
The implementation flow chart for driving PMSM is shown
in Figure 10.

The proposed super-twisting hybrid control is applied
to the position loop of the ship-borne PMSM and tested
on a semi-physical experiment rig. Step response and
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FIGURE 11. Semi-physical experiment platform.

sinusoidal signal tracking experiments are conducted on the
semi-physical platform which is shown in Fig. 11.

Firstly, as shown in Fig. 11(a), input reference signals to
the servo system via control computer and the connected
power amplifier (AP). Secondly, adjust the load position
through precision reduction gearbox (PRG). Lastly, posi-
tion and velocity signals are measured by speed measuring
motor and resolver, then processed by the proposed con-
troller to control servo system. For the practical ship onboard
application, magnetic power brake (MPB) is used to sim-
ulate friction torque and rotational inertia plate (RIP) is
used to simulate moment of inertia in the system. Actuating
motor (AM) is the studied PMSM. Fig. 11(b) shows the
photo of semi-physical experiment rig.

Step response experiment is conducted to validate the
response speed of super-twisting hybrid control method
while the tracking sinusoidal signal is used to demonstrate
the dynamic performance, whose amplitude is 30° and the
period is 4.2s.

All the experimental results are given in Figs. 12-14. It
can be seen from Fig. 12 that the proposed control method
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can reach the reference angle within 1.22s. The steady-state
error of this system is around 0.027°, which meets the design
requirement of steady-state error, i.e., less than 0.06° (0.2%
of reference signal).

Sinusoidal signal tracking curve is shown as Fig. 13
and the corresponding tracking error is drawn as Fig. 14.
The maximum absolute tracking error is approximately
0.62° and the maximum step value is 0.98°. All these
results are acceptable for the practical PMSM applications
onboard ships.

VI. CONCLUSION

A novel anti-disturbance technique for ship-borne PMSM

is presented in this paper. The main issue of ship-borne

controller design is to improve anti-disturbance performance.
By introducing Taylor’s formula-based TD to the super-

twisting ESO, the position signal can be controlled to
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follow the given reference within a finite time. From the
simulation results, it can be concluded that super-twisting
hybrid control has faster response and better dynamic
performance compared with ADRC. In addition, the experi-
mental results further validate the proposed control method
on a semi-physical PMSM platform.

The finite-time convergence and robustness of STA have
been proved by geometrical methods in [26]. It’s interesting
that finite time convergence is in conflict with chatter-
ing suppression problem. Super-twisting method may cause
a larger chattering problem which is shown in Fig. 6.
This design difficulty needs to be solved in future work.
Chattering phenomenon is mainly caused by unmolded
dynamics. The problems of model uncertainties and input
nonlinearities are also commonly seen in real PMSM system,
and adaptive or fuzzy structures or NNs may also pro-
vide effective solutions to handle them in future work
[13], [27], [28]. In addition, the effects of main design
parameters on the system performance can be further
investigated.
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