
27 4

2010 4 Control Theory & Applications
Vol. 27 No. 4

Apr. 2010

: 1000−8152(2010)04−0538−05

,

( , 100081)

: , (PWM) ,

, PWM

,

. , .

: ; (PWM); ;

: TJ765.2 : A

On the dither of a pulse-width-modulation low-pressure pneumatic
servo system

NIE Ling-cong, YAO Xiao-xian

( School of Aerospace Science and Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: To improve the performance of a low-pressure pneumatic servo system, a pulse-width modulation(PWM)

linearization control method is proposed. The relay control method is replaced by PWM technology to control two switch-

ing valves of the system. By using Fourier transform, the output of the system is proved to be the superimposition of two

outputs which are generated by the linear segment and the higher harmonic. The relation between the amplitude of the

dither and load is computed and the steady-state output of the system is resolved. Simulation results show that the control

method raises the system’s natural frequency and decreases the amplitude of the dither.
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Fig. 1 System schematic

2

Fig. 2 Linear model of the system

:

Gp(s) =
b0

s3 + a2s2 + a1s + a0

,

a0 =
Kc0K1

KaJ
, a1 =

KaK1 + Kc0B1 + L2AKb

KaJ
,

a2 =
KaB1 + Kc0J

KaJ
, b0 =

LAKq0

KaJ
.

A , K , Kq0

, Kc0 , J

, B1 ,

K1 , L

, Kf , x = x1 −x2 Gp(s) .

PWM

, Ts :

x1(t)=

{
1, t�T0+βe,

0, t>T0+βe,
x2(t)=

{
1, t�T0−βe,

0, t>T0−βe.

(1)

: β ; T0

; e , PWM ;

x1(t) x2(t) PWM ,

. βe � Ts − T0 PWM 100%,

( ,

). ,

x =

{
1, e > 0,

−1, e < 0.
(2)

,

βe � Ts − T0 . βe � Ts − T0 ,

e � 0, x =

⎧⎪⎨
⎪⎩

0, t � T0,

1, T0 < t < T0 + β |e| ,
0, T0 + β |e| < t < Ts,

(3)

e < 0, x =

⎧⎪⎨
⎪⎩

0, t � T0,

−1, T0 < t < T0 + β |e| ,
0, T0 + β |e| < t < Ts.

(4)

x

x =

⎧⎪⎨
⎪⎩

0, t � T0,

sgn(e)1, T0 < t < T0 + β |e| ,
0, T0 + β |e| < t < Ts.

(5)

e � 0 x

ω =
2π

Ts

, A0 =
2
Ts

β |e| , (6a)

An=
2
Ts

� β|e|

0
cos(nωt)dt=

1
nπ

sin(nωβ |e|), (6b)

Bn=
2
Ts

� β|e|

0
sin(nωt)dt=

1
nπ

[1 − cos(nωβ |e|)], (6c)

Yn =
√

A2
n + B2

n =
2

nπ
sin

nωβ |e|
2

, (6d)

ϕn = arctg(
An

Bn

) =
π

2
− 1

2
nωβ |e| . (6e)

e < 0 x . :

x(t) =
A0

2
+

∞∑
n=1

Yn sin(nωt+ϕn) =

β

Ts

e +
∞∑

n=1

2
nπ

sin
nπβe

Ts

cos(
2πn

Ts

t − nπ

Ts

βe) =

β

Ts

e + h(t). (6f)

,

h(t)[7],

x(t) = (β/Ts)e,

PWM β/Ts

,

.
[8],

C(s) = 1 .



540 27

3 PWM (Inhe-

rent dither of PWM linear method)
,

h(t) , ,

,
[7,9], h(t)

.

h(t) =
∞∑

n=1

2
nπ

sin
nπβe

Ts

cos(
2πn

Ts

t − nπ

Ts

βe)

Gp(s) . C(s) = 1 ,

h(t) 3,

Q(s).

Q(s) =
θ(s)
h1(s)

=
Gp(s)

1 +
β

Ts

KfGp(s)
=

b0

s3 + a2s2 + a1s + a0 +
β

Ts

Kfb0

. (7)

3 h(t)

Fig. 3 System model which consider h(t) as interference

En = |Q(jωn)| 2
nπ

sin(
nπβe

Ts

) n

. , 0.2 MPa

: a0 = 0, a1 = 2.049 × 106, a2 = 157.03, b0

= 8.68 × 107, Ts = 10 ms,

Kf = 0.69, β = 5 × 10−4, C(s) = 1,

Q(s) 4.

4 Q(s)

Fig. 4 Amplitude and phase frequency response of Q(s)

,

, 10 ms, ω =
2π/Ts = 628 rad/s, 4

En max = |Q(jωn)| (2/nπ) . E1 max = 2.45◦,
E2 max = 2.84◦, E3 max = 0.1◦. En max <

E3 max,∀n > 3.

En � |Q(jωn)| (2/nπ) = En max,

En max

. n � 3 En max , ,

.

h1(t) =
2
π

sin
πβe

Ts

cos(
2π

Ts

t − π

Ts

βe) h2(t) =

1
π

sin
2πβe

Ts

cos(
4π

Ts

t − 2π

Ts

βe)

Q(s) .

e = 0, h(t) = 0, .

, .

, a0 �= 0, e �= 0,

, ,

,
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4 (Steady dither

which impacts by the load)

h1(t), h2(t),
2
π

sin(
πβe

Ts

)

e , , a0 = 0,

, .

, a0 �= 0, ,

, .

, θ ,

.

Vi

θ,

x =
β

Ts

e =
βe

Ts

(Vi − θ). (8)

xGp(j0) = θ =
β

Ts

e · b0

a0

. (9)

:

E1 =
2
π
|Q(jω)| sin πβe

Ts

=

2
π
|Q(jω)| sin πθa0

b0

=

2
π
|Q(jω)| sin(

πβa0

a0Ts + βb0

Vi), (10)
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E2 =
1
π
|Q(j2ω)| sin 2πβe

Ts

=

1
π
|Q(j2ω)| sin 2πθa0

b0

=

1
π
|Q(j2ω)| sin(

2πβa0

a0Ts + βb0

Vi). (11)

a0 K1 ,

.

, .

, ,

|Q(jω)| ,

K1
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5 (System’s

steady state output and simulation)
, Γ (t) ω, 2ω,

E1, E2 .

Γ (t) = Γ1(t) + Γ2(t), (12a)

Γ1(t) = E1 cos(
2π

Ts

t − π

Ts

βe + ϕ) =

2
π
|Q(jω)| sin πθa0

b0

cos(
2π

Ts

t−πθa0

b0

+ϕ(jω)), (12b)

Γ2(t)=E2 cos(
4π

Ts

t−2πθa0

b0

+ ϕ) =

1
π
|Q(j2ω)| sin 2πθa0

b0

cos(
4π

Ts

t−2πθa0

b0

+ϕ(j2ω)).

(12c)

ϕ(jω) Q(s) .

θ(t) = Vi/Kf + Γ (t). Γ (t) < E1 max +
E2 max = 5.29◦,

. , ,

.

Γ (t) n > 2
, ,

(12) θ (

) θ .

0.033 N· m/(◦)(

), 1 V , θ

θ1v, (12) Γ (t),

θ1v+Γ (t), 5(a) ω 2ω

, θ1v + Γ1(t), θ1v + Γ2(t), 5(b)

, θ1v + Γ (t).

, 5◦.

MATLAB Simulink 2

, RK4

6.

5 0.033N · m/(◦), 1V

Fig. 5 Steady-state system output when load is

0.033 N· m/(◦) and input is 1 V

6 RK4

Fig. 6 Steady-state system output which get from numerical

simulation by using the method of RK4 order

.

3

ω,2ω, E1,E2

.

. , , .

, 4 Q(s)
,

.

(10)(11) .

6 (Conclusion)
PWM
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