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Abstract: A novel sliding-mode variable structure(SMVS) control strategy is proposed to reduce the ripples of flux

and torque of brushless double-fed machines(BDFM) based on direct torque control system(DTC). In order to ensure the

constant switching frequency for the inverter, two hysteresis regulators in the conventional DTC system are substituted

by the SMVS controllers of flux and torque, and the space voltage vector pulse-width-modulation is used in the output of

the voltage vector switches. The SMVS controllers are designed with the method of exponential approach law, and the

Lyapunov stability theory is utilized to solve for the control law of the SMVS controllers. The simulation model of DTC

is established in MATLAB/Simulink environment. The simulation results show that this new control method effectively

reduces the torque ripples and improves the waveforms of the stator flux and current. The inherent advantage of the fast

dynamic-response of the torque in DTC is reserved. The stability and robust performance of the system is enhanced.

Key words: brushless double-fed machine; direct torque control; sliding-model variable structure; exponential approach

law; torque ripples
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Fig. 1 Structure diagram of BDFM

2(pp+pc)
,

.

BDFM [19]:

Tem =
3(pp + pc)Lsp

2(LspLsc − Mpc)
|Ψsp| |Ψsc| sin θ, (1)

: Ψsp, Ψsc , θ

.

Ψsp =
�

(up − rpip)dt, (2)

: Ψsp, up, ip
. ,

up ,

,

Ψsp .

Ψsc =
�

(uc − rcic)dt, (3)

: Ψsc, uc, ic
. ,

Ψsc = ucΔt + Ψsc0. (4)
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Te = pp(iqpΨdp − idpΨqp) +

pc(iqcΨdc − idcΨqc). (5)

Δt,

, .

3
(DTC of BDFM based on SMVS)

3.1 BDFM (Model of BDFM)
BDFM d-q ,

(6)[20]:⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

uqp

udq

uqc

udc

0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

rp + Lspp ppωrLsp 0 0 Mpp ppωrMp

−ppωrLsp rp + Lspp 0 0 −ppωrMp Mpp

0 0 rc + Lscp pcωrLsc −Mcp pcωrMc

0 0 −pcωrLsc rc + Lscp pcωrMc Mcp

Mpp 0 −Mcp 0 rr + Lrp 0
0 Mpp 0 Mcp 0 rr + Lrp

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

iqp

idp

iqc

idc

iqr

idr

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (6)

: pp, rp, Lsp, Mp

; pc, rc, Lsc, Mc

; rr, Lr, ωr

; p ; uqp, udp, uqc, udc, uqr,

udr, iqp, idp, iqc, idc, iqr, idr d-q

.

⎡
⎢⎢⎢⎣

Ψqp

Ψdp

Ψqc

Ψdc

⎤
⎥⎥⎥⎦=

⎡
⎢⎢⎢⎣

Lsp 0 0 0 Mp 0
0 Lsp 0 0 0 Mp

0 0 Lsc 0 −Mc 0
0 0 0 Lsc 0 Mc

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

iqp

idp

iqc

idc

iqr

idr

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (7)

Te = ppMp(iqpidr − idpiqr) +

pcMc(iqcidr + idciqr), (8)

: Ψqp, Ψdp, Ψqc, Ψdc d-q ; Te

.

(6) 3, 4 (7) 3, 4 , d, q

α, β

C2r/2s =

[
cos θ − sin θ

sin θ cos θ

]
, (9)

θ α d .

,

,

⎡
⎣ ·

icα
·

icβ

⎤
⎦ =

⎡
⎢⎣−rc

σ
− rrLsc

σLr
−ωr

ωr −rc

σ
− rrLsc

σLr

⎤
⎥⎦

[
icα

icβ

]
+

⎡
⎢⎣

rr

σLr

ωr

σ

−ωr

σ

rr

σLr

⎤
⎥⎦

[
Ψcα

Ψcβ

]
+

1
σ

[
ucα

ucβ

]
, (10)

σ =
LscLr − M2

c

Lr
.

{
Ψ̇cα = ucα − icαrc,

Ψ̇cβ = ucβ − icβrc.
(11)

(8) ,

Te = pp(ipβΨpα − ipαΨpβ) +

pc(icβΨcα − icαΨcβ). (12)

Ψc = Ψ2
cα + Ψ2

cβ. (13)

3.2 (SMVS controller

design)

,

, ,

.
[18,21],

: .

, ,

, s(
ds

dt
) < 0,

,

, .

,

.

:

S = [S1 S2 ]T, (14)

{
S1 = eT = T ∗

e − Te,

S2 = eΨ = Ψ∗2

c − Ψ2
c ,

(15)
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: T ∗
e , Te , Ψ∗

c

, Ψ

. S{
Ṡ1 = ėT = −Ṫe,

Ṡ2 = ėΨ = −Ψ̇2
c .

(16)

(12)(13) (16), (10)(11)

:

Ṡ = F + DU, (17)

: F , D , U ,

F = [F1 F2 ]T. (18)

(2) Ψsp ,

,

Ṡ1 = −Ṫe = −(Ṫep + Ṫec) = −Ṫec,

Ṡ1 = −Ṫec =

−pc(i̇cβΨcα + icβΨ̇cα − i̇cαΨcβ − icαΨ̇cβ) =

pc[Ψcβ(
rr

σLr
Ψcα +

ωr

σ
Ψcβ −

rcLr + rrLsc

σLr
icα − ωricβ +

1
σ

ucα) −

Ψcα(
rr

σLr
Ψcβ − ωr

σ
Ψcα −

rcLr + rrLsc

σLr
icβ − ωricα +

1
σ

ucβ) +

icα(ucβ − rcicβ) − icβ(ucα − rcicα)], (19)

Ṡ2 = −Ψ̇2
c = −2ΨcαΨ̇cα − 2ΨcβΨ̇cβ =

−2Ψcα(ucα − rcicα) − 2Ψcβ(ucβ − rcicβ). (20)

:

F1 = pc[Ψcβ(
rr

σLr
Ψcα +

ωr

σ
Ψcβ −

rcLr + rrLsc

σLr
icα − ωricβ) −

Ψcα(
rr

σLr
Ψcβ − ωr

σ
Ψcα −

rcLr + rrLsc

σLr
icβ − ωricα)], (21)

F2 = 2Ψcαrcicα + 2Ψcβrcicβ, (22)

D=

⎡
⎣pc(

Ψcβ

σ
− icβ) pc(icα − Ψcα

σ
)

−2Ψcα −2Ψcβ

⎤
⎦ . (23)

D−1 =

⎡
⎣ −2Ψcβ 2Ψcα

pc(
Ψcα

σ
− icα) pc(

Ψcβ

σ
− icβ)

⎤
⎦

2pc(Ψcαicα + Ψcβicβ − Ψ2
cα

σ
− Ψ2

cβ

σ
)

.

(24)

Lyapunov

V = STS/2, (25)

,

V̇ = STṠ = ST(F + DU). (26)

V̇ < 0,

,

,

U = −D−1

[
F1 + ε1sgn S1 + K1S1

F2 + ε2sgn S2 + K2S2

]
, (27)

: ε1, K1, ε2, K2 . α–β

U = [Ucα Ucβ]T,

. (27) (26),

V̇ =−S1[ε1sgn S1 + K1S1] −
S2[ε2sgn S2 + K2S2]. (28)

S1 ε1sgn S1+K1S1 , S2 ε2sgn S2+
K2S2 ,{

S1(ε1sgn S1 + K1S1) > 0,

S2(ε2sgn S2 + K2S2) > 0.
(29)

V̇ <0, ,

.

, S1 = T ∗
e −Te = 0 S2 = Ψ∗2

c −Ψ2
c =

0, .

(27) (17),{
Ṡ1 = −ε1sgn S1 − K1S1,

Ṡ2 = −ε2sgn S2 − K2S2.
(30)

: S1 , K1 ε1 ,

.

K1 ε1,

,

;

,

.
[21]: |K1S1|

, K1 ,

;

, |ε1sgn S1|
, ε1 ;

K1 50<K1 < 500, ε1 0<ε1 < 5,

K1 > 200 ,

, ε1 < 0.5
. ,

.

, .
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3.3 (Stability and robust-

ness of system)
,

, [22].

, (17)

Ṡ = F + DU + H, (31)

H = [H1 H2]T . (31)

(26)

V̇ =−S1[ε1sgn S1 + K1S1 − H1] −
S2[ε2sgn S2 + K2S2 − H2]. (32)

, ε1 > H1 ε2 > H2 , V̇ <0.

, ,

,

.

4 (Simulation and research)
BDFM

2 .

2 BDFM

Fig. 2 System block diagram for DTC of the BDFM

based on SMVS

2

,

.

u–i ,

. 2 : Ψ∗
c

, ωg , ωr

, PID T ∗
e .

ΔT = T ∗
e −Te; ΔΨ = Ψ∗

c −Ψc;

,

ucα ucβ; ,

, BDFM .

Simulink ,

,

. BDFM :

PN = 4 kW, UN = 380 V, pp = 3, pc = 1,

rc =5.9Ω, Lsc =200.12 mH, Mc =196.23mH,

rp =2.25Ω, Lsp =221.36 mH, Mp =210.36mH,

rr = 3.6Ω, Lr = 312.52 mH, J = 0.03 kg · m2.

3 DTC

; 4 DTC

,

K1 = 100, ε1 = 2, K2 = 100,

ε2 = 2; 5

DTC

,

K1 = 200, ε1 = 0.5, K2 = 200, ε2 = 0.5.

3, 4, 5

, , 900 r/min.

3, 4 , DTC ,

DTC ,

,

. 4, 5 ,

DTC ,

,

, . ,

.

3 ( DTC)

Fig. 3 Simulink results of speed, stator flux and torque for the classical DTC



1200 28

4 (SMVS–DTC)

Fig. 4 Simulink results of speed, stator flux and torque for the SMVS–DTC

5 (SMVS–DTC)

Fig. 5 Simulink results of speed, stator flux and torque for the SMVS–DTC when changing parameters of SMVS

5 (Conclusion)

, ,

, ,

, ,

, BDFM

.
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