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Abstract: The friction interference in the pneumatic rotary actuator is the primary factor affecting the
position accuracy of a pneumatic rotary actuator servo system. The paper proposes an evolutionary
algorithm-based friction-forward compensation control architecture for improving position accuracy.
Firstly, the basic equations of the valve-controlled actuator are derived and linearized in the middle
position, and the transfer function of the system is further obtained. Then, the evolutionary
algorithm-based friction feedforward compensation control architecture is structured, including
that the evolutionary algorithm is used to optimize the controller coefficients and identify the friction
parameters. Finally, the contrast experiments of four control strategies (the traditional PD control,
the PD control with friction feedforward compensation without evolutionary algorithm tuning, the
PD control with friction feedforward compensation based on the differential evolution algorithm,
and the PD control with friction feedforward compensation based on the genetic algorithm) are
carried out on the experimental platform. The experimental results reveal that the evolutionary
algorithm-based friction feedforward compensation greatly improves the position tracking accuracy
and positioning accuracy, and that the differential evolution-based case achieves better accuracy.
Also, the system with the friction feedforward compensation still maintains high accuracy and strong
stability in the case of load.

Keywords: pneumatic rotary actuator; position accuracy; friction feedforward compensation;
differential evolution algorithm; genetic algorithm

1. Introduction

Pneumatic technology has the advantages of fire prevention, energy saving, high efficiency and no
pollution [1–4]. It has become an important means to realize the automation of production process with
the complement of hydraulic, mechanical, electrical and electronic technology [5–8]. Also, pneumatic
servo systems have been widely used in the proportional control and program control systems in
some multipipe production processes of automobile production lines, as well as the metallurgy and
chemical industries [9]. Among them, the pneumatic rotary actuator can rotate in a plane, therefore
the pneumatic rotary actuator servo system is indispensable in the rotating occasions such as the
pneumatic manipulator, the rotation of the platform and the rotation of the valve [10].

With the increasing demand for the servo performance of the pneumatic rotary actuator servo
system in precision industry, the traditional control methods cannot meet the actual requirements
gradually [11,12]. The factors affecting the position accuracy of the pneumatic rotary actuator servo
system are mainly the dead zone characteristic of the proportional valve and the friction of the
actuator [13]. However, at present, the terminal pressures of such pneumatic systems in industry are
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usually below 1 MPa, hence the studied system is a low speed system with small flow rate. By testing
the proportional valve commonly used in this system, we have come to the conclusion that the dead
zone characteristic of the proportional valve is not obvious, that is, the proportional valve can quickly
change the flow rate of the two valve ports when the spool is slightly moved in the middle position.
However, the small-range actuator has a large friction-to-drive ratio, which especially affects the low
speed servo performance of the actuator, therefore, friction is the most important factor affecting the
position accuracy.

Over the past 400 years, numerous experimental studies have revealed abundant behavior
characteristics of friction, such as Coulomb friction, viscous friction, static friction, Stribeck effect [14],
pre-sliding. Because of the nonlinear characteristics of friction [15], how to minimize the impact of
friction becomes a challenging task. Therefore, the topic of the friction prediction, identification and
compensation is one of the hotspots of current research.

The compensation control for friction can be divided into the non-model friction compensation
and the model-based friction compensation. The nonmodel friction compensation mainly relies on
the control algorithm to identify the deviation caused by friction and compensates for the system.
Gao [16] designed a new friction compensator based on the adaptive Fuzzy-PD control algorithm, it can
adaptively adjust the controller parameters according to the change of output error and error change
rate, so as to accurately control the pneumatic servo system. In the application of the model-based
friction compensation, Meng [17] constructed an adaptive robust controller with LuGre model-based
friction compensation, which can effectively solve the problems of unmodeled dynamics and friction
disturbances in the pneumatic system and showed better results than other studies. The model-based
friction compensation has the ability of friction prediction, hence it has a more significant friction
compensation effect and has a more extensive application.

At present, many scholars have proposed various friction models, which can be divided into
two categories: the dynamic friction model and the static friction model. The dynamic friction
model describes friction as a function of relative velocity and displacement [15], such as LuGre
friction model. The paper [18] presents the application of the LuGre friction model to the friction
compensation scheme of a pneumatic servo system, where the friction parameters are determined
by using adaptive estimation instead of extensive identification procedures. In addition, Raul [19]
built a cascade controller with the LuGre model-based friction compensation, which can effectively
control the tracking error of the pneumatic system under the premise that the system parameters
were known. The static friction model, another category of friction models, describes friction as
a function of relative velocity [20], and the Stribeck model is the most commonly used one. Over
the years, the Stribeck friction model has made good progress in the servo system. In paper [21],
the friction of the hydraulic actuator are well described by the Stribeck friction model whose friction
parameters are identified by the proposed iterative algorithm, and the proposed scheme applies to
industrial systems due to its low computational cost. Furthermore, Castro [22] proposed a controller
including the friction compensation based on the Stribeck friction model, and the controller achieved
great stability and robustness in the hybrid brake-by-wire system. The displacement of a pneumatic
actuator is difficult to control, which results in the difficulty of identifying the dynamic parameters
in the dynamic friction model, therefore the use of the static friction model is more conducive to the
identification and compensation in the pneumatic rotary actuator servo system.

The proportional–integral–derivative (PID) control is an effective method which can dynamically
reduce the output deviation of a servo system, where proportional–derivative (PD) control can reduce
the system delay and is suitable for high-speed control of the proportional valve [23]. Besides,
evolutionary algorithms, such as differential evolution (DE) algorithm and genetic algorithm (GA),
can optimize the controller parameters [24,25] and identify the friction parameters [26,27], and have
been used in friction feedforward compensation. At present, the evolutionary algorithm-based friction
feedforward compensation has been applied to the direct-current servo system, and shows great
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performance [26,27]. Therefore, the application of evolutionary algorithm-based friction feedforward
compensation has broad prospects in the pneumatic rotary actuator servo field.

In order to improve the position accuracy of the pneumatic rotary actuator servo system,
the modeling of the system and the design of the evolutionary algorithm-based friction feedforward
compensation control architecture are carried out and verified by the experiments in this paper. Among
them, the linearized model of the system with Stribeck friction model and the construction of the
friction feedforward compensation control architecture are described in detail. Evolutionary algorithms
(DE and GA) are applied to the parameter optimization of the control architecture to further improve
the system control accuracy. The control performances of four control strategies (the traditional PD
control, the PD control with friction feedforward compensation without evolutionary algorithm tuning,
the PD control with friction feedforward compensation based on the DE algorithm and the PD control
with friction feedforward compensation based on the GA) are contrasted by the experiments which
include the position tracking experiment, the positioning experiment and the stability experiment
with load. The experimental results reveal that the evolutionary algorithm-based friction feedforward
compensation greatly improves the position tracking accuracy and positioning accuracy, and that the
DE-based case achieves better accuracy. Also, the system with the friction feedforward compensation
still maintains high accuracy and strong stability in the case of load.

2. System Configuration

Figure 1 illustrates the system configuration of the pneumatic rotary actuator servo system.
The compressor and the air service unit produce compressed air to provide sufficient kinetic energy for
the pneumatic system. The air service unit is added to the system to filter compressed air and regulate
pressure. The control valve used in the system is a 5/3-way proportional directional control valve,
which can control the rotational motion of the actuator by changing the flow and direction of the valve
port gas. In order to improve the control accuracy, the feedback link is necessary in the system, where
the data acquisition card receives the rotation angle signal (TTL levels) collected by the rotary encoder
and outputs the voltage signal of 0–10 V to the proportional directional control valve to accurately
change the flow of the valve port gas again. In addition, the data acquisition card is installed in the
industrial personal computer (IPC), and accepts the control instructions of the host computer based on
LabVIEW. The specific models of the main components are presented in Table 1.
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Table 1. The specific models of the main components.

Component Model Parameters

Compressor PANDA 750-30L Maximum supply pressure: 0.8 MPa
Air service unit AC3000-03 Maximum working pressure: 1.0 MPa

Proportional directional control valve FESTO MPYE-5-M5-010-B 5/3-way valve, 0~10 V driving voltage
Pneumatic rotary actuator SMC MSQA30A Bore: 30 mm; stroke: 190◦

Rotary encoder E58S10 Resolution: 36000 P/R
Data acquisition card NI PCI-6229 32-bit counter; −10~10 V voltage output

IPC IPC-610H Standard configuration

3. System Modeling

Figure 2 describes the gas flow mechanism in the valve-controlled actuator system. The mass
flow rates of the gas flowing through the two valve ports are

.
Ma and

.
Mb, the gas pressures in the

two chambers are pa and pb, the gas volumes are Va and Vb, and the gas temperatures are Ta and Tb.
In addition, ps represents the supply pressure, xv and y stand for the valve spool displacement and the
actuator piston displacement respectively, and θ is the rotation angle of the actuator.
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As shown in Figure 2, the two valve ports of the proportional valve are connected with the two
chambers of the actuator respectively. When the valve spool moves to the right, chamber a is charged,
and chamber b is discharged. The two-chamber pressure difference drives the piston to move and
converts the linear motion into the rotational motion of the intermediate gear. Before the system
modeling, we need to make the following assumptions [28–30]:

(1) The working medium is ideal gas, which follows the ideal gas law.
(2) Supply pressure ps and supply temperature Ts are constant, and the parameter of each point in

the chamber is equal at each instant.
(3) There is no leakage between the valve-controlled actuator system and the outside and between

the two chambers.
(4) The flow state of the gas flowing through the orifice is an isentropic adiabatic process.
(5) The change of each parameter in the dynamic process is only a small amount (small disturbance

hypothesis).
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The derivation of the system model begins with the basic equations of the valve-controlled
actuator, including the orifice equation of the mass flow rate, the continuity equation of the mass flow
rate, and the dynamic equation of the pneumatic rotary actuator [31,32].

3.1. Orifice Equation of the Mass Flow Rate

The flow process of the gas passing through the valve port is very complicated. According to the
assumptions, the gas flow via the valve port is approximated as one-dimensional isentropic flow of the
ideal gas flowing through a orifice [33]. The gas has two states of sonic flow and subsonic flow when
passing through the orifice. The mass flow rate of the gas flowing through the proportional valve can
be summarized as follows [34].

.
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) 2
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]
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( 2
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) 2

κ−1 pa
ps

< c0

(1)

.
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where C represents the discharge coefficient, W stands for the area gradient of the spool valve, R is
the gas constant, κ is the ratio of the specific heat at constant pressure to the specific heat at constant
volume, pe is the atmospheric pressure, and c0 denotes the critical pressure ratio. Then, linearizing
Equations (1) and (2) yields {

∆
.

Ma = c1∆xv − c2∆pa

∆
.

Mb = −c1∆xv − c2∆pb
(3)

where c1 and c2 are both known as zero coefficient. Specifically, c1 is the flow gain, while c2 is the
flow-pressure coefficient. Because the spool valve has the same form of the valve port at the left and
right ends, the zero coefficients under the initial condition are

c1 = ∂
.

Ma
∂xv

∣∣∣∣ pa = p0

xv = 0

≈ − ∂
.

Mb
∂xv

∣∣∣∣ pb = p0

xv = 0

c2 = − ∂
.

Ma
∂pa

∣∣∣∣ xv = 0
pa = p0

≈ − ∂
.

Mb
∂pb

∣∣∣∣ xv = 0
pb = p0

(4)

3.2. Continuity Equation of the Mass Flow Rate

According to [23], the continuity equation for the mass flow rates of the gas flowing into the two
chambers can be expressed as 

.
Ma = 1

κRTa

(
Va

.
pa + κpa

.
Va

)
.

Mb = 1
κRTb

(
Vb

.
pb + κpb

.
Vb

) , (5)
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Under the small disturbance hypothesis, if the initial values are taken in the middle equilibrium
position, the following equations can be obtained.

.
Ma = 0 + ∆

.
Ma,

.
Mb = 0 + ∆

.
Mb

pa = p0 + ∆pa, pb = p0 + ∆pb
Va = V0 + ∆Va, Vb = V0 + ∆Vb
Ta = T0 + ∆Ta, Vb = T0 + ∆Tb

(6)

and
∆

.
Va = −∆

.
Vb = Ap∆

.
y =

1
2

Apdf∆
.
θ, (7)

where p0, V0 and T0 represent the initial values of the variables, and T0 is equal to the supply
temperature Ts, and the symbol ∆ stands for the increment caused by the actuator piston deviating
from the middle position. The increments ∆pa, ∆pb, ∆Va, ∆Vb, ∆Ta and ∆Tb are much smaller than
pa, pb, Va, Vb, Ta and Tb, hence these increments can be ignored in the calculation. Therefore, the
incremental form of the mass flow rates can be expressed as ∆

.
Ma = 1

κRTs

(
V0∆

.
pa +

1
2 κApdf p0∆

.
θ
)

∆
.

Mb = 1
κRTs

(
V0∆

.
pb − 1

2 κApdf p0∆
.
θ
) . (8)

3.3. Dynamic Equation of the Actuator

According to Newton’s laws of motion, the dynamic equation of the pneumatic rotary actuator
can be expressed by Equation (9).

Apdf(pa − pb) =

(
1
2

mpd2
f + J

)
..
θ +

1
2

dfFf, (9)

where Ap represents the area of thrust surface of the actuator piston, df stands for the pitch diameter
of the actuator gear, mp denotes the mass of a single piston, J is the moment of inertia of the gear and

the rotary table,
..
θ is the angular acceleration, and Ff is the friction force on the piston.

Stribeck friction model describes the relationship between friction and speed, which can well
characterize the macroscopic characteristics of the friction force in low velocity zone [20]. Stribeck
friction model can be described as:

Ff =


Fp

.
θ = 0 and

∣∣Fp
∣∣ < Ff

Fssign
(

Fp
) .

θ = 0 and
∣∣Fp
∣∣ ≥ Ff

Fcsign(
.
θ) + (Fs − Fc)e−(

.
θ/

.
θs)

2

sign(
.
θ) + σ

.
θ
∣∣∣ .
θ
∣∣∣ > 0

(10)

and
Fp = 2A(pa − pb), (11)

where Fp describes the driving force for the piston, Fs represents the maximum static friction force,

Fc denotes the Coulomb friction force,
.
θ is the angular velocity,

.
θs is Stribeck velocity, and σ is the

viscous friction coefficient.
The friction parameters are unknown and can be obtained by the following method [20].
When the pneumatic rotary actuator is static or rotates at constant velocity, there is

..
θ = 0.

Therefore, under such conditions, the friction force equation can be obtained from Equation (9) and
can be easily measured.

Ff = 2A(pa − pb). (12)
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By changing the driving voltage of the proportional valve, we obtain the friction force values
at different velocities. As shown in Figure 3, the experimental data obtained can be fitted as the
force-velocity curve of the friction model with MATLAB. In order to solve the unknown parameters of
Stribeck model, we make two tangents ( f1, f2) of the friction curve, as shown in Figure 4. Then we can
obtain the friction parameters according to the geometric relationship shown in Figure 4. The maximum
value of the friction curve is Fs, the slope of the line f1 is the value of σ, the crossover point of the line
f1 and the ordinate axes is Fc. A line f3 that is parallel to the abscissa axis is made through Fc, and
then the abscissa of the crossover point of this line and f2 is

.
θs. The friction parameters are presented

in Table 2.
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Table 2. Values of the friction parameters.

Friction Parameter Value

Fs 10.60 (N)
Fc 6.03 (N)
.
θs 0.19 (rad/s)
σ 0.87 (N·s·rad−1)
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3.4. Block Diagram and Transfer Function of the Valve-Controlled Actuator System

Equations (3), (8) and (9) can be transformed into the following form by Laplace
transform, respectively.

.
Ma(s)−

.
Mb(s) = 2c1xv(s)− c2[pa(s)− pb(s)].

Ma(s)−
.

Mb(s) = 1
κRTs

{
V0s[pa(s)− pb(s)] + κApdf p0sθ(s)

}
Apdf[pa(s)− pb(s)] =

(
1
2 mpd2

f + J
)

s2θ(s) + 1
2 dfFf(s)

(13)

From the above equations, we can get the block diagram of the valve-controlled actuator systems
shown in Figure 5, where

.
M1(s) =

.
Ma(s)−

.
Mb(s) denotes the mass flow rate difference and p1(s) =

pa(s)− pb(s) stands for the pressure difference. This block diagram also clearly describes the effects
of c1, c2 and Ff on the system. In order to facilitate analysis and calculation, we make the following
simplification of the system model.
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When Ff = 0, we can obtain the transfer function of the displacement xv to the rotation angle θ,
and it can be written as the following standard form.

θx(s)
xv(s)

=
KTω2

n
s(s2 + 2ζωns + ω2

n)
, (14)

where its gain KT, natural frequency ωn, and damping ratio ζ are expressed as follows, respectively.
KT = 2c1RTs

Apdf p0

ωn =

√
2κAp2d2

f p0

(mpd2
f +2J)V0

ζ = 1
2 c2κRTs

√
mpd2

f +2J
2κA2

pd2
f p0V0

. (15)

In addition, we let xv(s) = 0, then we obtain the transfer function of the friction force Ff to the
rotation angle θ.

θ f (s)
Ff(s)

= −
KTω2

n
4c1 Ap

(
V0

κRTs
s + c2

)
s(s2 + 2ζωns + ω2

n)
. (16)

Therefore, the total output of the valve-controlled actuator system is

θ(s) = θx(s) + θ f (s) =
KTω2

nx(s)− KTω2
nFf(s)

4c1 Ap

(
V

kRTs
s + c2

)
s(s2 + 2ζωns + ω2

n)
. (17)
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3.5. The Transfer Function of the Pneumatic Rotary Actuator Servo System

Because of the strong linearity of the selected proportional valve and the servo amplifier,
the transfer function of them can be expressed as follows, respectively.

xv(s)
U(s)

= Kv (18)

U(s)
θin(s)− θ(s)

= Ka, (19)

where U is the drive voltage of the proportional valve, Kv is the proportional valve gain, θin means the
input angle, and Ka expresses the servo amplifier gain.

According to Equations (17)–(19), the block diagram of the servo system can be obtained and is
shown in Figure 6.
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Figure 6. Block diagram of the pneumatic rotary actuator servo system.

Therefore, the open-loop transfer function of the pneumatic rotary actuator servo system is written
as follows.

G(s) =
KaKvKTω2

n
s(s2 + 2ζωns + ω2

n)
. (20)

The constants in the model parameters are shown in Table 3.

Table 3. Constants in the model parameters.

Parameter Value

Ap 3.4636 × 10−4 [m2]
C 0.68
c0 0.21
df 0.014 [m]
J 1.678 × 10−3 [kg·m2]
κ 1.4

mp 2.1 [kg]
pe 1.013 × 105 [Pa]
R 287 [J/(kg·K)]
Ts 293 [K]
V0 1.6767 × 10−5 [m3]
W 3.1415 × 10−2 [m]

4. Control Design

Figure 7 shows the control architecture of the pneumatic rotary actuator servo system, where
the proportional valve and pneumatic rotary actuator are represented by the established model.
In addition, the PD controller is used to adjust the deviation of the entire control system. However, if
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the system only uses the traditional PD control, the friction disturbance will seriously affect the output
accuracy. Therefore, we use the friction feedforward compensation to compensate for the interference
of friction. Besides, the evolutionary algorithm is used to optimize the PD controller parameters
(kp and kd), and can also be used to identify the friction parameters (Fs, Fc,

.
θs and σ) in Equation (10) to

compensate for the friction disturbance. The identified friction model in Figure 7 is Equation (10) with
new obtained parameters, which are identified by the evolutionary algorithm. Gf(s) is the feedforward
compensation term, which can be described by the form of transfer function.
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4.1. PD Controller and Compensation Unit

PD control is a linear control method, which is based on the error e(s) between the input angle
θin(s) and the output angle θ(s), and there is

e(s) = θin(s)− θ(s). (21)

The PD controller performs proportional and differential operations on the error e(s), and adds
the two operation results to obtain the control input u(s). The expressions of the PD controller can be
written as

u(s) = kpe(s) + kdse(s), (22)

where kp is the proportional coefficient, and kd is the differential coefficient. Through multiple feedback
processes, the error will gradually shrink, which will improve the output accuracy.

Ideally, the friction value of the identified friction model is equal to that of the friction model.
Therefore, the friction feedforward compensation satisfies the complete compensation condition:

Gf(s)KaKv −
V0

κRTs
s + c2

4c1 Ap
= 0. (23)

So the transfer function Gf(s) of the feedforward compensation term is designed as

Gf(s) =
V0

κRTs
s + c2

4c1 ApKaKv
. (24)

4.2. Evolutionary Algorithms

The parameters kp, kd, Fs, Fc,
.
θs and σ are optimized offline by evolutionary algorithm

(DE algorithm or GA). DE algorithm and GA are optimization algorithms based on swarm intelligence



Appl. Sci. 2018, 8, 1623 11 of 21

theory. They both can intelligently guide the optimization search through the group generated
by cooperation and competition among individuals. The GA controls the parental hybridization
according to the fitness value, and the probability of selecting the offspring after mutation is relatively
large [24,35]. While the mutation vector in the DE algorithm is generated by the parent difference
vector and intersects with the parent individual vector to generate a new individual vector, which will
be directly compared with the parent individual [25,36]. It is obvious that the approximation effect of
the DE algorithm is more significant than that of the GA.

Before describing these two algorithms, we use the following equation as the objective function of
the parameter selection.

I =
Z

∑
n=1

[
w1|e(n)|+ w2θ2

in(n)
]

TP, (25)

where I is the objective function; n is the sampling times, and n = 1, 2, 3, . . . , Z; TP represents the
sampling period; w1 and w2 denote the weights.

4.2.1. Differential Evolution Algorithm

• Step 1: Generation of initial population

In the solution space, M individuals are generated randomly and each individual xg
i is composed

of a N-dimensional vector.
xg

i =
[

xg
i,1, xg

i,2, xg
i,3, . . . , xg

i,N

]
, (26)

where g stands for iteration counter, g = 0, 1, 2, . . . , G; i denotes individual number, and i = 1, 2, 3,
. . . , M. Each individual represents a set of parameters in the control architecture, where n indicates
the total number of the parameters. The j-th component vector of the i-th individual in the initial
generation is as follows:

x0
i,j = bj−min + randi,j(0, 1)

(
bj−max − bj−min

)
, (27)

where j = 1, 2, 3, . . . , N, bj−min and bj−min represent upper and lower bounds of the j-th component
vector, respectively, and randi,j(0, 1) means a random number between 0–1.

• Step 2: Mutation

In the g-th iteration, three individuals xg
p1, xg

p2 and xg
p3 were randomly selected from the

population, and i 6= p1 6= p2 6= p3. Then the mutation vectors are generated by the following process.

hg+1
i,j = xg

p1,j + F
(

xg
p2,j − xg

p3,j

)
, (28)

where xg
p2,j − xg

p3,j is a differential component vector, and this difference operation is the key to the DE
algorithm. p1, p2 and p3 are random integers, F is known as a scaling factor.

• Step 3: Crossover

Crossover is to increase population diversity, which can be expressed as follows

vg+1
i,j =

{
hg+1

i,j , rand li,j ≤ CR
xg

i,j, rand li,j > CR
, (29)

where rand li,j is a random number between 0–1, CR is a crossover rate, and CR ∈ [0, 1].

• Step 4: Selection
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In order to determine whether xg
i is the next generation member, the fitness function values of

trial vector vg+1
i and target vector xg

i are compared.

xg+1
i =

{
vg+1

i , f (vg+1
i ) < f (xg

i )

xg
i , f (vg+1

i ) ≥ f (xg
i )

, (30)

where f (x) is the fitness function. Therefore, under the condition that the number of individuals is
constant, the population can obtain better performance or maintain the previous fitness value.

• Step 5: Iteration and end condition

Run the operation of steps 2–4 repeatedly until the maximum number of iterations is reached
(g = G). Then we can get the best result.

4.2.2. Genetic Algorithm

• Step 1: Coding scheme

N binary strings with 10 bits in length are used to represent the identified parameters respectively.
Then the N strings are connected into a complete chromosome to form the individual in the population.

• Step 2: Initial population formation

A set of parameters that need to be identified are selected as the initial parameters. Then we
extend this set of parameters around the left and right sides to form an extended population search
space. The initial population is assigned by a computer. First, generate random numbers that are
evenly distributed between [0,1]. Then specify that the generated random numbers between [0,0.5]
represents 0, and the numbers between [0.5,1] represents 0.

• Step 3: Fitness function design

Each individual in the population is decoded into the corresponding parameter value, and the
cost function value J and the fitness function value f are obtained by using this parameter. There
is f = 1

I .

• Step 4: Evolutionary process

Selection: Produce a new generation population by selecting operation.
Crossover: Implement crossover operation with the cross probability Pc.
Mutation: Implement mutation operation with the mutation probability Pm.

According to fitness function values, we adopt optimal preservation and regenerate individual
strategy. That is to say, when the ratio of the average fitness of individuals to the maximum fitness
of the current population reaches a certain range, the best individuals are retained and the rest of
the individuals are regenerated. The former makes the whole evolution process move towards the
optimization direction, and the latter overcomes the precocity phenomenon in genetic search to
some extent.

• Step 5: Iteration and end condition

Repeat steps 3 and 4 until the maximum number of iteration is reached. Then the optimal results
are obtained after decoding.
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5. Experimental Results and Analysis

Figure 8 shows the experimental platform of the pneumatic rotary actuator servo system. We can
compare and verify the control accuracy of different control strategies by changing the input signal
and the load moment. The system control architecture adopts four control strategies respectively:
the traditional PD control without friction compensation, the PD control with friction feedforward
compensation without evolutionary algorithm tuning, the PD control with friction feedforward
compensation based on the DE algorithm and the PD control with friction feedforward compensation
based on the GA. In the traditional PD control strategy, we take kp and kd obtained from the trial
and error method as the two parameters of the controller. For the second strategy, we use the same
kp and kd, the friction parameters (Fs, Fc,

.
θs and σ) in the compensation unit adopts the parameter

values obtained in Section 3.3, and all parameters in this strategy are not adjusted by evolutionary
algorithm and directly used in the system test. In the other two control methods, first we use the
control algorithm (DE algorithm or GA) to optimize kp and kd, and identify the friction parameters

(Fs, Fc,
.
θs and σ) by MATLAB, and then we use the obtained parameters in the servo system. Through

experimental contrast of the four control strategies, we can clearly contrast the effect of the friction
feedforward compensation and two different control algorithms (DE algorithm and GA).
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5.1. Position Tracking Experiment

In the position tracking experiment, we set the supply pressure ps as 0.6 MPa. In both algorithms,
the number of individuals was 30, the range of the parameter kp was [–5,20], the range of the parameter
kd was [−1,1], and the weights were taken as w1 = 0.999 and w2 = 0.001. Specifically, in the GA,
Pc = 0.9, and Pm = 0.033.

After 50 iterations, we got the PD controller parameters optimized by evolutionary algorithm.
Figure 9 shows the optimization process of kp and kd by the DE algorithm and the GA. Then each set
of the controller parameters was used in the friction parameter identification of the corresponding
algorithm, and the friction parameters tested in Section 3.3 were selected as the initial parameters.
The identification processes of different algorithms are shown in Figure 10. Finally, the controller
parameters and the friction parameters were applied to the pneumatic rotary actuator servo system
shown in Figure 8. By giving the system a sinusoidal signal with a magnitude of 20 and a frequency of
0.5 Hz, we obtained the position tracking performance of the pneumatic rotary actuator. Figure 11
shows the position tracking results of the pneumatic rotary actuator under three control strategies,
where Figure 11a shows the angle contrast curve, Figure 11b describes the error contrast curve, and
Figure 11c shows the angular velocity contrast curve.
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In order to facilitate contrast and analysis, the unit of the angle θ in experiment is expressed
by degrees. In the figures, PD with friction compensation stands for the PD control with friction
feedforward compensation without evolutionary algorithm tuning, DE-PD denotes the PD control
with friction feedforward compensation based on the DE algorithm, and GA-PD represents the PD
control with friction feedforward compensation based on the GA.

As shown in Figure 11b, the maximum angular errors of four control strategies (traditional PD
control, PD with friction compensation, DE-PD and GA-PD control) were 0.85◦, 0.35◦, 0.1◦ and 0.25◦

respectively. The error curve of the PD control with friction feedforward compensation without
evolutionary algorithm tuning continued the error fluctuation frequency of the traditional PD control
strategy because they used the same controller parameters. This method can reduce the error to
a certain extent, but, since the controller parameters and friction parameters were not optimized,
the error values were still relatively large. While the friction feedforward compensation based on
evolutionary algorithm greatly reduced the position tracking error of the pneumatic rotary actuator,
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and the DE-based case had the best performance. Figure 11c shows the velocity fluctuations of the
pneumatic rotary actuator with different control algorithms, revealing that the actuator with the DE-PD
control strategy was more stable.Appl. Sci. 2018, 8, x FOR PEER REVIEW  15 of 21 
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5.2. Positioning Experiment

By setting a constant angle signal, we carried out the positioning experiment and obtained the
positioning performance of the pneumatic rotary actuator. Figures 12 and 13 show the optimization
process of the PD controller coefficients and the identification process of the friction parameters
respectively. The positioning performances of the pneumatic rotary actuator under three control
strategies are shown in Figure 14, including the angle contrast curve, the error contrast curve and the
angular velocity contrast curve.
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As shown in Figure 14b, the maximum angular errors of four control strategies (traditional PD
control, PD with friction compensation, DE-PD and GA-PD control) were 0.225◦, 0.107◦, 0.003◦ and
0.075◦ respectively. This result shows that the friction feedforward compensation based on evolutionary
algorithm improved the positioning accuracy of the system, and that the DE-based case achieved
higher accuracy. Figure 14c shows the velocity fluctuations of the pneumatic rotary actuator when
input angle was a constant, and reveals that the pneumatic rotary actuator run smoothly when the
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system tended to a steady state. Also, as shown in Figures 9, 10, 12 and 13, the iterative processes of
the algorithms tend to be stable, which ensures that the evolutionary algorithm-based case does not
go unstable.Appl. Sci. 2018, 8, x FOR PEER REVIEW  17 of 21 
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5.3. Stability Experiment with Load

The stability of the control system was tested by fixing a 2-kg mass block on the rotary table of the
pneumatic rotary actuator. Then the moment of inertia J changed to 3.356 × 10−3 kg·m2. The mass
block increased the moment of inertia of the rotary table, which affected the position accuracy of
the system. Using the same method, first we used different control strategies to tune the controller
coefficients and friction parameters of the system respectively, and then substituted them into the
system for testing. Figure 15 describes the position tracking performance of the pneumatic rotary
actuator with a load. Figure 16 shows the positioning performance of the actuator with a load.

As shown in Figure 15b, the maximum angular errors of four control strategies (traditional PD
control, PD with friction compensation, DE-PD and GA-PD control) were 0.885◦, 0.357◦, 0.125◦, and
0.27◦ respectively. In Figure 16b, the steady-state errors of the pneumatic rotary actuator were 0.25◦,
0.125◦, 0.025◦ and 0.1◦ respectively. Compared with Figures 11b and 14b, the errors of the actuator
with a load are relatively large. This is because the increase of the load leads to an increase in the dead
zone characteristic, which means that the micro pressure difference in the actuator chambers is difficult
to change the rotation angle when the target angle is approached. Even so, the friction feedforward
compensation based on evolutionary algorithm can still keep the error within a small range, which
well verifies the strong stability of the control system.



Appl. Sci. 2018, 8, 1623 18 of 21
Appl. Sci. 2018, 8, x FOR PEER REVIEW  18 of 21 

 
(a) 

 
(b) 

Figure 15. Position tracking performance in the stability experiment. (a) Angle contrast curve; (b) 
error contrast curve. 

 

 

(a) (b) 

Figure 16. Positioning performance in the stability experiment. (a) Angle contrast curve; (b) error 
contrast curve. 

As shown in Figure 15b, the maximum angular errors of four control strategies (traditional PD 
control, PD with friction compensation, DE-PD and GA-PD control) were 0.885°, 0.357°, 0.125°, and 
0.27° respectively. In Figure 16b, the steady-state errors of the pneumatic rotary actuator were 0.25°, 
0.125°, 0.025° and 0.1° respectively. Compared with Figures 11b and 14b, the errors of the actuator 
with a load are relatively large. This is because the increase of the load leads to an increase in the 

Figure 15. Position tracking performance in the stability experiment. (a) Angle contrast curve; (b) error
contrast curve.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  18 of 21 

 
(a) 

 
(b) 

Figure 15. Position tracking performance in the stability experiment. (a) Angle contrast curve; (b) 
error contrast curve. 

 

 

(a) (b) 

Figure 16. Positioning performance in the stability experiment. (a) Angle contrast curve; (b) error 
contrast curve. 

As shown in Figure 15b, the maximum angular errors of four control strategies (traditional PD 
control, PD with friction compensation, DE-PD and GA-PD control) were 0.885°, 0.357°, 0.125°, and 
0.27° respectively. In Figure 16b, the steady-state errors of the pneumatic rotary actuator were 0.25°, 
0.125°, 0.025° and 0.1° respectively. Compared with Figures 11b and 14b, the errors of the actuator 
with a load are relatively large. This is because the increase of the load leads to an increase in the 

Figure 16. Positioning performance in the stability experiment. (a) Angle contrast curve; (b) error
contrast curve.

The allowable load of the pneumatic rotary actuator is 48 N [37]. We tested the angle errors
of the system when the load is 1 kg, 2 kg, 3 kg and 4 kg. Figure 17 shows their angle errors under
different loads, and clearly describes the trends of errors. The result reveals that the evolutionary
algorithm-turned errors are relatively small and have good stability, and that the DE-based case has
higher accuracy. In conclusions, it is the smoothness and accuracy of the algorithm iterative process
that make the system under different loads still have stable performances.
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6. Conclusions

In order to improve the position accuracy of the pneumatic rotary actuator servo system, the
modeling of the system and the design of the evolutionary algorithm-based friction feedforward
compensation control architecture were carried out and verified by the experiments. Firstly, basic
equations of the valve-controlled actuator were derived and linearized in the middle position, and
the transfer function of the system was further obtained. Then, the evolutionary algorithm-based
friction feedforward compensation control architecture was designed, which includes the optimization
of the controller coefficients and the identification of the friction parameters. Finally, in the position
tracking experiment, the positioning experiment and the stability experiment with load, the control
performances of four control strategies (the traditional PD control, the PD control with friction
feedforward compensation without evolutionary algorithm tuning, the PD control with friction
feedforward compensation based on the DE algorithm and the PD control with friction feedforward
compensation based on the GA) were contrasted and analyzed, and the following conclusions
were obtained:

(1) The PD control with friction feedforward compensation without evolutionary algorithm tuning
can reduce the system error to a certain extent. However, since the controller parameters and
friction parameters were not optimized, the error values were still relatively large.

(2) The friction feedforward compensation based on evolutionary algorithm greatly improved the
position tracking performance for the sinusoidal signal, and the DE-based case had better control
accuracy and smaller velocity fluctuations.

(3) The friction feedforward compensation based on evolutionary algorithm greatly improved the
positioning performance when the input angle was a constant, and the DE-based case achieved
higher accuracy.

(4) Although the existence of the load affected the tracking and positioning effects, the system
with the evolutionary algorithm-based friction feedforward compensation still maintained high
accuracy and strong stability.
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