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Hybrid control based on sliding mode--dynamic recursive fuzzy
neural network for marine electrical propulsion
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Abstract: We propose a hybrid control(HC) strategy for the marine electrical podded propulsion system to eliminate

the overshoot and obtain a fast and smooth dynamic response for the podded propulsion. HC consists of a robust sliding

mode control(SMC) and a dynamic recursive fuzzy neural network control(DRFNNC). SMC uses the dead-zone nonlin-

earity and error band method to tackle uncertainties and external disturbances; DRFNNC which has online self-learning

algorithm forces the tracking error to approach zero. We build the hardware-in-loop simulation system of Siemens-Schottel-

Propulsor(SSP) based on SIMOTION; the simulation and experimental results show that HC provides a fast and smooth

dynamic response in both transient state and steady state, and improves the robustness and motion precision of the SSP

system.

Key words: hybrid control; robust sliding mode; dynamic recursive fuzzy neural network; marine electrical propulsion;

podded propulsion
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Fig. 1 Hardware-in-loop simulation for marine electrical

propulsion system

3 (Dynamic analysis of

propulsion motor)
[13,14] ,

SSP :

J
dωr

dt
= P (Te − TL) − Bfωr, (1)

dθr

dt
= ωr. (2)

[10] , SSP TL

TL = sgn ωr

KT

4π2
ρD5ω2

r , (3)

: θr, ωr . P

, J SSP , Bf SSP . Te

, KT
[10], ρ ,

D .

Te (ia,ib,ic,θr) = P
∂Wm (ψ, θr)

∂θr

, (4)

ia, ib ic , Wm(ψ, θr)
ψ θr .

[13,14],

, V /f ,

[13,14] (4)

Te = KtIm, (5)

Im , Kt =
3Pϕ

2
, ϕ .

(5) Te

, (1) ωr Te , ,

T ∗

T ∗ = KtI
∗, (6)

I∗ HC .

4 (Design of the hybrid con-

troller)
(HC) SMC, DRFNNC ,

I∗. SMC[1∼4], DRFNNC[6∼8] ,

SMC ;

eω ε , DRFNNC

. SMC DRFNNC

.

,

, eω �= 0. ,

, . HC
[18] :

I∗ =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

SMC, eω > ε+ + Δ eω < ε− − Δ,

0, ε− < eω < ε+,

DRFNNC, ε+ � eω � ε+ + Δ

ε− − Δ � eω � ε−,
(7)

ε+, ε− , Δ > 0
.

4.1 SMC(Design of the SMC )

SMC ,

x1 = eω = ω∗
r − ωr, (8)
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x2 = ẋ1 = ėω = −ω̇r, (9)

ẋ2 = −ω̈r =
Bf

J
ω̇r, (10)

x3 = ω∗
r , ẋ3 = 0, (11)

x4 = TL, ẋ4 = 0. (12)

(8)∼(12),⎡
⎢⎢⎢⎣

ẋ1

ẋ2

ẋ3

ẋ4

⎤
⎥⎥⎥⎦=

⎡
⎢⎢⎢⎢⎢⎣

0 1 0 0

−Bf

J
−

(
Bf

J
+ 1

)
Bf

J

P

J
0 0 0 0
0 0 0 0

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

x1

x2

x3

x4

⎤
⎥⎥⎥⎦+

⎡
⎢⎢⎢⎢⎣

0

−PKt

J
0
0

⎤
⎥⎥⎥⎥⎦ I∗. (13)

(13) S

S = cx1 + x2, Ṡ = cẋ1 + ẋ2, (14)

, Ṡ S , c > 0 S , Hur-

witz .

I∗ = αx1 + βsgn S, (15)

SMC α >0, β >0.

S = 0 [3,17],

SṠ < 0, (16)

SṠ = S2(c − Bf

J
− 1) +

x1S(
Bf

J
c − Bf

J
+ c − PKt

J
α − c2) +

S(
Bf

J
ω∗

r +
P

J
TL) − PKt

J
β |S| . (17)

S2 ,

c <
Bf

J
+ 1. (18)

x1S > 0,

α = α+ >
J

PKt

[
Bf

J
c − Bf

J
+ c − c2]. (19)

x1S < 0,

α = α− <
J

PKt

[
Bf

J
c − Bf

J
+ c − c2]. (20)

α+, α− α .

β > (
TL

Kt

+
Bf

P
ω∗

r ). (21)

α, β, c SMC , (18)∼
(21) (16) ,

.

4.2 DRFNNC(Design of the DRFNNC)
DRFNNC 2 [18],

,

,

. eω ėω,

ΔI∗.

2

Fig. 2 Structure diagram of the DRFNNC

: .

u
(1)
1 = eω, u

(1)
2 = ėω, (22)

: .

p
(2)
1i = exp(−(

h
(2)
1i − m

(2)
1i

σ
(2)
1i

)2), (23a)

h
(2)
1i = u

(1)
1 (t) + p

(2)
1i (t − 1)θ1i, (23b)

p
(2)
2j = exp(−(

h
(2)
2j − m

(2)
2j

σ
(2)
2j

)2), (24a)

h
(2)
2j = u

(1)
2 (t) + p

(2)
2j (t − 1)θ2j. (24b)

mi,j , σi,j .

p
(2)
i,j (t − 1) , θi,j

.

: if-then .

q
(3)
i,j = (p(2)

1,i )
γi × (p(2)

1,j)
γj , (25)

q
(3)
k = (

∏
i,j

q
(3)
i,j )1−γi,j+

γi,j
i+j . (26)

γi + γj = 1, γi,j ∈ [0, 1] [8].

: .

o(4) =
∑
k

q
(3)
k sk, (27)

u(1) k :
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o
(4)
k (t) =

R∑
k=1

sk{
∏

i=1,j=1

exp[− M

σ2
i,j

]}1−γi,j+
γi,j
i+j . (28)

: M = (u(1)
i,j (t) + p

(2)
i,j (t − 1)θi,j − mi,j)2.

: .

ΔI∗ =
a(1 − exp(−b(o(4) − φ))
1 + exp(−b(o(4) − φ))

. (29)

R , a, b, φ 0 ,

. mi,j , σi,j , θi,j ,

γi,j , sk ,

.

[8] DRFNNC ,

, .

,

, ,

, .

E

E (t + 1) =
e(t + 1)2

2
=

[ΔI∗
d (t + 1) − ΔI∗(t + 1)]2

2
. (30)

δ :

δ(5) = − ∂E

∂ΔI∗ = e, (31)

δ(4) = − ∂E

∂o(4)
= [− ∂E

∂ΔI∗ ][
∂ΔI∗

∂o(4)
] =

δ(5) ab

2
(1 − ΔI∗

a
)(1 +

ΔI∗

a
), (32)

Δsk = − ∂E

∂sk

=

[− ∂E

∂ΔI∗ ][
∂ΔI∗

∂o(4)
][
∂o(4)

∂sk

] = δ(4)q
(3)
k , (33)

sk(t + 1) = sk(t) + ηsΔsk(t + 1), (34)

δ(3) = − ∂E

∂q
(3)
k

=

[− ∂E

∂ΔI∗ ][
∂ΔI∗

∂o(4)
][
∂o(4)

∂q
(3)
k

] = δ(4)sk, (35)

Δγi,j = − ∂E

∂γi,j

= [− ∂E

∂q
(3)
k

][
∂q

(3)
k

∂γi,j

] =

δ(3)[
1

i + j
− 1]ln[

∏
i,j

p
(2)
i,j ]q(3)

k , (36)

γi,j(t + 1) = γi,j(t) + ηγΔγi,j(t + 1), (37)

δ(2) = − ∂E

∂p
(2)
i,j

= [− ∂E

∂q
(3)
k

][
∂q

(3)
k

∂p
(2)
i,j

] =

δ(3)[1 − γi,j +
γi,j

i + j
][
∏
i,j

p
(2)
i,j ](−γi,j+

γi,j
i+j ), (38)

Δmi,j = − ∂E

∂mi,j

= [− ∂E

∂p
(2)
i,j

][
∂p

(2)
i,j

∂mi,j

] =

δ(2)p
(2)
i,j (

−2(hi,j − mi,j)
σ2

i,j

)(
∂hi,j

∂mi,j

− 1), (39)

Δσi,j =− ∂E

∂σi,j

=[− ∂E

∂p
(2)
i,j

][
∂p

(2)
i,j

∂σi,j

]=

δ(2)p
(2)
i,j (

2(hi,j−mi,j)((hi,j−mi,j)−σi,j(
∂hi,j

σi,j

))

σ3
i,j

),

(40)

Δθi,j = − ∂E

∂θi,j

= [− ∂E

∂p
(2)
i,j

][
∂p

(2)
i,j

∂θi,j

] =

δ(2)p
(2)
i,j (

−2(hi,j − mi,j)
σ2

i,j

∂hi,j

∂θi,j

). (41)

:

∂hi,j

∂mi,j

(t) =

θi,j(t)p
(2)
i,j (t − 1) ·

[
2(hi,j−mi,j)((hi,j−mi,j) − σi,j(

∂hi,j

∂mi,j

))

σ3
i,j

(t−1)],

(42)

∂hi,j

∂σi,j

(t) =

θi,j(t)p
(2)
i,j (t − 1) ·

[
2(hi,j−mi,j)((hi,j−mi,j)−σi,j(

∂hi,j

∂mi,j

))

σ3
i,j

(t−1)],

(43)

∂hi,j

∂θi,j

(t) =

θi,j(t)p
(2)
i,j (t − 1) ·

(
−2(hi,j − mi,j)

σ2
i,j

∂hi,j

∂θi,j

(t − 1)) + p
(2)
i,j (t + 1), (44)

, (39)∼(41)

mi,j(t + 1) = mi,j(t) + ηmΔmi,j(t + 1), (45)

σi,j(t + 1) = σi,j(t) + ησΔσi,j(t + 1), (46)

θi,j(t + 1) = θi,j(t) + ηθΔθi,j(t + 1). (47)

ηs, ηm, ησ ηθ sk,

mi,j , σi,j θi,j .

DRFNNC ( ) ,

Θ = [a b φ],



5 : 629

ΔI∗ = g(Θ, o(4)) =
a[1 − exp(−b(o(4) − φ))]
[1 + exp(−b(o(4) − φ))]

.

(48)

, Kalman (EKF)

Jacobian [18],

∂ΔI∗(t)
∂a

|a=a(t−1) = [
∂ΔI∗(t)

∂g

∂g

∂a
]|a=a(t−1) =

g

a
,

(49)

∂ΔI∗(t)
∂b

|b=b(t−1) = [
∂ΔI∗(t)

∂g

∂g

∂b
]|b=b(t−1) =

a(o(4)(t) − φ)
2

(1 +
g

a
)(1 − g

a
), (50)

∂ΔI∗(t)
∂φ

|φ=φ(t−1) = [
∂ΔI∗(t)

∂g

∂g

∂φ
]|φ=φ(t−1) =

ab

2
(1 +

g

a
)(1 − g

a
). (51)

, a, b, φ :

a(t)=a(t−1)+ξ{o(4)(t−1)sgn[
∂ΔI∗

∂g
]}[g

a
]|t−1,

(52)

b(t) = b(t − 1) + ξ{o(4)(t − 1)sgn[
∂ΔI∗

∂g
]} ·

[
a(o(4) − φ)

2
(1 +

g

a
)(1 − g

a
)]|t−1, (53)

φ(t) = φ(t − 1) − ξ{o(4)(t − 1)sgn[
∂ΔI∗

∂g
]} ·

[
ab

2
(1 +

g

a
)(1 − g

a
)]|t−1. (54)

ξ > 0
.

, ε SMC, DRFNNC

. ε , , ; ε ,

, .

5 (Simulation and ex-

perimental results analysis)
, [13]

, SCOUT ,

1 (

).

HC ,

ST , SIMOTION D,

SINAMICS SCOUT, 3 IGBT

– 12PWM .

KT = 0.39, ρ = 1.025, D = 2, ε = 0.2,

Δ = 0.5, c = 1, ηs = ηγ = ηm = ησ = ηθ = 0.05,

σ = 0.2, e = 0, a = 1, b = 1, φ = 0.2. (42)∼(44)

0, 0, [8].

3∼5 :

(ms), (%),

.

1

Table 1 Propulsion motor parameters

Un 400 V 43.267 Ω

In 0.8 A 119.523 Ω

Pn 0.12 kW 146.256 mH

fn 50 Hz 158.503 mH

nn 1400 r/min 1892. 558 mH

0.82 0.29 A

P 2 J 0.00313 kg·m2

10.816 Ω Bf 0.000198 Nm·s·rad−1

3

Fig. 3 Experimental results of propulsion motor under

DRFNNC

4

Fig. 4 Experimental results of propulsion motor under SMC

5

Fig. 5 Experimental results of propulsion motor under HC

,

99%nn , , T =
0.55 Nm. 3∼5 : DRFNNC(1) ,

−0.2%; SMC(4) ±0.15%,

0.56%; HC(9) ±0.12%, 0.39%,



630 28

, 0. DRFNNC HC

SMC , SMC .

T = 1.06 Nm, ,

4 , 3∼5 : DRF

NNC(2) 87%nn ±0.91%, 92.8%nn

±0.13%, ; SMC(5) 97%nn

±0.15%, ; HC(8) 91%nn

±0.43%, 98.2%nn .

SMC , ;

DRFNNC , ; HC ,

, .

, . DRFNNC(3)

99%nn , 0.86%,

, ; SMC(6)

, , ±0.15%.

, HC(9) : 98.7%

, T = 0.9 Nm , 0.81%;

T = 1.53 Nm, 96.6%nn,

−3.97%( −55.6 r/min), 5 s;

T = 0.52 Nm, 97%nn, 4%

( 56 r/min), 11.2 s. HC

.

6 (Conclusions)
(SMC)

(DRFNNC)

(HC) , SIMOTION

SSP , SMC,

DRFNNC HC , 3

. SMC

DRFNNC ,

,

, .
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