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Fractional order sliding-mode control for permanent
magnet synchronous motor

ZHANG Bi-tao, PI You-guo
(College of Automation Science and Technology, South China University of Technology, Guangzhou Guangdong 510640, China)

Abstract: To deal with the chattering phenomenon existing in conventional integral order sliding-mode controller, we
proposed a fractional order sliding-mode controller and apply to control the permanent magnet synchronous motor (PMSM).
The soft-switching will not directly act on the sliding-mode surface or on its integral order derivative, but on its fractional
order derivative. According to the property of fractional calculus, this action will reduce the chattering. Moreover, the fuzzy
logic inference algorithm is used to obtain the gain of soft-switching. Simulations and experiments show that the proposed
fractional order sliding-mode controller not only achieves better control performance than the conventional integral sliding-
mode control systems, but is also robust with regard to system parameter variations and external disturbances.
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2 (Dynamics
of PMSM servo)

[12]⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

u∗
q = Rsi

∗
q + λ̇q + ωfλd,

u∗
d = Rsi

∗
d + λ̇d − ωfλq,

λq = Lqi
∗
q,

λd = Ldi
∗
d + LmdIdf ,

ωf = npω
∗
r ,

(1)

: u∗
q, u

∗
d d, q ; i∗d, i

∗
q

; λd, λq ; Ld, Lq ; ωf , ω
∗
r

; Lmd ;
Idf ; np ; Rs .

:

Te = 3np[LmdIdfi
∗
q + (Ld − Lq)i∗qi

∗
d]/2. (2)

:

Te = Jω̇r + Bmωr + Tl, (3)

: Tl , Bm , J .

, :{
Te = k∗

pi
∗
q,

k∗
p = 3npLmdIdf/2.

(4)

(4) (2),⎧⎨
⎩

ω̇r = −aωr + biq − c,

a =
Bm

J
, b =

k∗
p

J
, c =

Tl

J
.

(5)

,

ω̇r =−(a+Δa)ωr+(b+Δb)iq−(c+Δc), (6)

Δa,Δb, Δc .

,
ωr ω∗

r . :
e(t) = ωr(t) − ω∗

r (t),⎧⎪⎨
⎪⎩

ė(t) = −ae(t) + ϕ(t) + δ(t),
ϕ(t) = aω∗

r (t) − biq(t) + c(t) + ω̇∗
r (t),

δ(t) = Δaωr(t) − Δbiq(t) + Δc(t).
(7)

|δ(t)| � Ψ, (8)

Ψ ∈ R
+.

3 (Design of frac-
tional order sliding-mode controller)

:
.

:

s = kp × e(t) + ki ×0D
−r
t e(τ), (9)

: kp, ki∈R
+ , 0D

−r
t

, 0 < r < 1 , r ; −1 < r <

0 , r .

. (Lyapunov)
.

Lyapunov :

V =
1
2
s2. (10)

V̇ = s × ṡ =

s × [kp(−ae + ϕ + δ) + ki0D
(1−r)
t e] =

s × [ki0D
(1−r)
t e − akpe + kp(ϕ + δ], (11)

,

ϕ = ae − ki

kp
0D

1−r
t e − w × sgn s,

w > Ψ,
(12)

V̇ � 0. Lyapunov ,
.

,
sgn s,

. , sgn ,
:

sgn(0Dr
t s) =

⎧⎪⎨
⎪⎩

1, 0D
r
t s > 0,

0, 0D
r
t s = 0,

− 1, 0D
r
t s < 0.

(13)

, Lyapunov
:

V =
1
2
(0Dr

t s)
2. (14)

V̇ = 0D
r
t s × 0D

r+1
t s =

0D
r
t s × [ki(−ae + ϕ + δ) + kp0D

r+1
t e] =

0D
r
t s×[−(kia)e+kp0D

r+1
t e+kiϕ+kiδ], (15)

,

ϕ = ae − kp

ki
0D

r+1
t e − ws × sgn(0Dr

t s),

ws > Ψ,
(16)

V̇ � 0. Lyapunov ,
.

(7) (16),
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:
u = iq(t) =

b−1[
kp

ki
0D

r+1
t e + ė + ws × sgn(0Dr

t s) +

c(t) + ω̇r(t) + aωr(t)]. (17)

4 (Parameters tuning
for control system)

, δ(t) = 0, w ×
sgn(0Dr

t s). (17) PDr

, , [13]
3 ki, kp, r. ,

[13].

(5)( )
:

P (s) =
b

s + a
=

K

Ts + 1
,

K = b/a, T = 1/a.
(18)

, (17)

C(s) = s(1 +
kp

ki

sr), (19)

3 :

i) : arg[G(jωc)] = −π + ϕm;

ii) : |G(jωc)|dB = 0;

iii) :
d(arg[G(jωc)])

dω
)ω=ωc = 0,

: G = P ×C , ωc

, ϕm .

3 :

ki =
A

ω1+r
c (E − F × A)

, (20)

kp =

√
1 + (Tωc)2

[1 + kiω1+r
c F ]2 + [kiω1+r

c E]2
, (21)

ki =
−D ±

√
D2 − 4C2ω

2(1+r)
c

2Cω
2(1+r)
c

, (22)

:

A = tan[tan−1(Tωc) + ϕm],

E = sin((−1−r)π/2),

F = cos((−1−r)π/2),

C =
T [E − TωcF ]
1 + (Tωc)2

,

D = 2Aω1+r
c F − rωr

cE,

, (20)−(22)
3 ki, kp, r.

(ws)

ws > Ψ . , ws :
ws , ; , ,

. ,
, ws .

ws.

0D
r
t s ,

ws.
[–3, 3], : P( ), Z( ), N( ),

uj(s) , Mamdani
, :

If 0D
r
t s is P then ws is P;

If 0D
r
t s is Z then ws is Z;

If 0D
r
t s is N then ws is N.

ws :

ws =

n∑
j=1

kjuj(s)

n∑
j=1

uj(s)
, (23)

kj j .

5 (Chattering analysis)
, :

0D
r
t e(τ) = −ki/kpe(t). (24)

[14], ki/kp > 0,
, t−r ,

(r = 1) e−t

.

,
. ,

t−r , ,
.

1.

1
Fig. 1 Converging process comparison between fractional

order system and integral order system

1 , s(x0, y0),
s(x, y) = 0,
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, tm
. , tr

m 1
2 , . ,

etm 1′ 2′

, Δ′ .
Δ′ > Δ,

, .

6 (Simulation results and
discussion)

,

[12] .
MATLAB , 2

. : Rs = 1.15Ω, Ld = Lq =
8.5×10−3 H, np = 4, J = 2.5×10−3 kg·m2, Bm =
1.0× 10−3 N ·m · s. 4

, : kp = 10.523, ki = 0.166, r = 0.75.

2
Fig. 2 Simulation model of servo

3 4 . 3
4 ,

, . 4 :
ds ,

s .

3
Fig. 3 Step response for fractional order system and

integral order system

4
Fig. 4 Converging trajectories of the two sliding-mode

control systems

7 (Experimence)

, 5 .
TMS320F2812 DSP . PC

. ,
,

.
(Il) :

1 Jm = 2.5 × 10−3 kg · m2, Bm = 1.0 ×
10−3 N · m · s, Il = 0.0A.

2 Jm = 5.0 × 10−3 kg · m2, Bm = 5.0 ×
10−3 N · m · s, Il = 0.05A.

5

Fig. 5 Experiments plant

1 6 . 6 ,
,

. ,
.
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(a)

(b)

6
Fig. 6 Step response

, 2 .
2 s , 5

, 3 s ,
7 . 7 ,

,
, .

.

7
Fig. 7 Robustness experiments rejecting external

load disturbance

8 (Conclusions)
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.
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,
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