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Abstract: With the development of robot technology, integrated joints with small volume and conve-
nient installation have been widely used. Based on the double inertia system, an integrated joint motor
servo system model considering gear angle error and friction interference is established, and a joint
control strategy based on BP neural network and pole assignment method is designed to suppress
the vibration of the system. Firstly, the dynamic equation of a planetary gear system is derived based
on the Lagrange method, and the gear vibration of angular displacement is calculated. Secondly, the
vibration displacement of the sun gear is introduced into the motor servo system in the form of the
gear angle error, and the double inertia system model including angle error and friction torque is
established. Then, the PI controller parameters are determined by pole assignment method, and the
PI parameters are adjusted in real time based on the BP neural network, which effectively suppresses
the vibration of the system. Finally, the effects of friction torque, pole damping coefficient and control
strategy on the system response and the effectiveness of vibration suppression are analyzed.

Keywords: double inertia system; gear; friction; BP neural network; pole assignment

1. Introduction

With the development of robot technology, the integrated joint has been widely used
in robots. Compared with the traditional robot joint transmission system, the integrated
joint is smaller in structure and lighter in mass. Harmonic gear is often used as a reducer in
the integrated joint, and the flexible element and transmission shaft system in the harmonic
reducer have torsional stiffness. The servo system with the integrated joint has certain
torsional stiffness [1]. In reference [2], the joint considering torsional stiffness is called the
flexible joint. The existence of joint flexibility will cause the fluctuation of output speed
of the servo system. Suppress the fluctuation of output speed and improve the control
accuracy of the flexible joint has become a hot issue [3,4].

To achieve accurate control of the servo system, it is necessary to establish an accurate
dynamic model. A large number of scholars have discussed the dynamic modeling of
flexible joint. References [5,6] believe that the flexible joint model can be equivalent to a
double inertia system, and the double inertia system relies on the motor to drive the load
to rotate. During load operation, the system is affected by friction torque. References [7,8]
consider the influence of friction factors on the basis of the double inertia system. In addi-
tion, gears are often used in the transmission of the double inertia system. Reference [9]
considers the gear reduction ratio based on the double inertia model but does not consider
the dynamic performance of the gear system. Li et al. [10] established a planetary gear
torsional dynamics model considering time-varying stiffness, backlash and transmission
error. Li et al. [11,12] established the planetary gear system and the gear-bearing system
model, respectively, and studied the influence of load and wear on the response of the
system. In order to construct a more accurate dynamic model, reference [13] considers
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the flexibility of the load. With the deepening of the research on flexible joint modeling,
nonlinear factors such as gear transmission error and friction are gradually introduced into
the dynamic modeling process.

In terms of output speed fluctuation of the servo system caused by joint flexibility, the
intelligent control strategy suppresses the fluctuation of speed by adjusting the input torque
in real time. Typical control strategies for robot servo systems include PID control strategy,
sliding mode control strategy, robust control strategy, fuzzy control strategy, neural network
control strategy and so on. References [14,15] select PI method to control its parameters
through a pole assignment strategy. Reference [16] designs the adaptive law of the flexible
joint servo system according to the sliding mode control strategy. References [17,18] adopt
robust control strategies to reduce the influence of time-varying parameters of the flexible
joint. References [19,20] use fuzzy adaptive PID controller to control the flexible joint.
Reference [21] uses RBF neural network to compensate the uncertain part of the servo
system, thereby suppressing the fluctuation of the output speed. Regarding the control
strategy of the robot servo system, the PI control strategy is still most widely used. There are
many methods for parameter tuning of PI/PID controller, including the Zielger–Nicholos
method, the pole tuning method, the fuzzy adaptive tuning method, the BP neural network
tuning method and so on. Among them, the Z–N method and the pole tuning method can
only preliminarily determine the approximate range of control parameters.

With the development of intelligent control technology, the PI control strategy with
fixed parameters is gradually replaced by the PI control with variable parameters. The BP
neural network and the fuzzy adaptive tuning method are suitable for accurate determina-
tion of controller parameters. However, these two control strategies need a large amount
of calculation. The parameter tuning method of PI controller based on the combination of
pole assignment strategy and BP neural network control strategy is to determine the range
of optimal controller parameters through pole assignment strategy, and then the neural
network is used to determine the optimal controller parameters. Compared with using the
BP neural network alone, it can effectively reduce the amount of calculation.

A dynamic model of the flexible joint, which considers two nonlinear factors: gear
transmission error and friction, is established at the beginning of the paper. Then BP neural
network is utilized to tune the PI controller parameters to suppress the fluctuation of
the output speed. Finally, the effectiveness of the proposed control strategy is proved by
numerical simulation. The main contributions of this paper can be summarized as follows:
(1) The factors of gear transmission error and friction are considered in the dynamic
modeling of the flexible joint; (2) The control strategy combining the pole assignment and
BP neural network is used to suppress the fluctuation of the output speed of the servo
system; (3) Compared with the reference [22], the gear transmission error and friction
factors are considered in the dynamic modeling process to establish a more accurate
dynamic model; (4) Compared with the reference [23], the BP neural network is used
to adjust the controller parameters online in real time to further reduce the error of the
output speed.

The rest of this paper is organized as follows. A flexible joint dynamic model consid-
ering gear angle error and friction torque is established in the second part. In the third part,
the control strategy combining the pole assignment and the BP neural network is used to
control the speed of the servo system. In the fourth part, numerical simulations are carried
out to verify the effectiveness of the control strategy proposed in this paper. The fifth part
is the conclusion.

2. Dynamic Modeling of Flexible Joint Considering Gear Angle Error and Friction Torque

The robot joint servo system is composed of servo motor, deceleration components,
transmission shafts, loads, etc. Gears are widely used in servo systems, which play a role
in changing the transmission direction and adjusting the output speed of the motor. Due
to the existence of factors such as backlash and time-varying meshing stiffness, a certain
vibration of gear system will be generated when the gear is running, resulting in vibration
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displacement and affecting the operation of the motor and the load end. There is a certain
torsional stiffness in the transmission shaft system and deceleration components, so there is
a certain torsional deformation in the robot joint servo system as well. The joint considering
torsional deformation is called the flexible joint, and it can be equivalent to a double inertia
system. One end of the double inertia system is called the motor end and the other end
is called the load end. The motor end and the load end are connected by a torsion spring.
The model diagram of the flexible joint servo system is shown in Figure 1. The flow chart
of dynamic model analysis is shown in Figure 2.
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Figure 2. Schematic diagram of flexible joint with gears.

In Figure 1, Ta represents the driving torque, θm represents the motor end angle, θl
represents the load end angle, F represents the friction torque, Ks represents the torsional
stiffness, Jm represents the moment of inertia at the motor end, and Jl represents the
moment of inertia at the load end.

In addition, the load is subjected to friction torque during rotation. The models describ-
ing the friction torque in the servo system mainly include the LuGre model, the Coulomb
model, and the Stribeck model. According to reference [24], different friction models are
introduced. It can be seen that an approach for modeling systems with lubrication is the
Stribeck friction model. In this paper, friction comes from the transmission system or
coupling, etc., which contains lubrication. Therefore, the Stribeck model is adopted. The
Stribeck model considers friction torque as a function of speed. The expression of the
Stribeck model is shown in Equation (1).

F = g
( .

θl

) .
θl∣∣∣ .
θl

∣∣∣ + σ1
.
θl = g

( .
θl

)
sgn
( .

θl

)
+ σ1

.
θl (1)
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where σ1 represents the viscous friction coefficient, and g
( .

θl

)
is related to the Stribeck

model, as shown in Equation (2).

g
( .

θl

)
= Mc + (Ms −Mc) exp

−∣∣∣∣∣
.
θl
θs

∣∣∣∣∣
2
 (2)

where Mc represents the Coulomb friction torque, Ms represents the static friction torque,
θs represents the friction speed.

The dynamic equation of the flexible joint considering the gear rotation angle error
and the friction torque can be obtained according to the transmission relationship as shown
in Equation (3). {

Jm
..
θm − Ks(θl − (θm + ∆θ)) = Ta

Jl
..
θl + Ks(θl − (θm + ∆θ)) = F

(3)

where ∆θ represents the rotation angle error caused by the gear, which can be calculated
by Equation (4). The planetary gear reducer is input from the planet carrier, and the sun
gear is output, that is, ∆θ = θss. Considering the meshing stiffness, damping, and backlash
of the gear system, the dynamic model of the planetary gear system is established by
Lagrange method [25,26] as shown in Equation (4). θss, Js and rbs are the vibration angular
displacement, the moment of inertia and the base circle radius of the sun gear, respectively.
θpi, Jpi, mpi and rbpi are the vibration angular displacement, the moment of inertia, the
mass and the base circle radius of the planetary gear, respectively. θc, Jc and rbc are the
vibration angular displacement, the moment of inertia and the radius of the planet carrier,
respectively. espi, bspi, cspi and kspi are the transmission error, the backlash, the damping
and the stiffness of the meshing position of the sun gear and the planet gear, respectively.
erpi, brpi, crpi and krpi are the transmission error, the gear backlash, the damping and the
stiffness of the meshing part of the ring gear and the planetary gear, respectively.

Js
d2θss
dt2 + ksθss + cs

.
θss +

N
∑

i=1
(kspi f (xspi, bspi) + cspi

dxspi
dt )rbs = TS

Jpi
d2θpi
dt2 + kpθpi + cp

.
θpi +−(kspi f (xspi, bspi) + cspi

dxspi
dt )rbp + (krpi f (xrpi, brpi) + crpi

dxrpi
dt )rbp = 0

(Jc +
N
∑

i=1
mpir2

c)
d2θc
dt2 + kcθc + cc

.
θc −

N
∑

i=1

[(
kspi f (xspi, bspi) + cspi

dxspi
dt

)
+
(

krpi f (xrpi, brpi) + crpi
dxrpi

dt

)]
rbc = −TP

(4)

where ks, kp, and kc are the supporting stiffnesses of the sun gear, the planetary gear, and
the ring gear, respectively, and cs, cp and cc are the supporting damping of the sun gear,
the planetary gear, and the ring gear, respectively.

In order to eliminate the influence of rigid body displacement and indefinite solution
on the planetary gear system as shown in Figure 3, the Equation (4) is rewritten, and the
dynamic transmission error is introduced as shown in Equation (5).{

xspi = rbsθs − rbpiθpi − rc cos αθc − espi(t)
xrpi = rbpiθpi − rc cos αθc − erpi(t)

(5)

where the stiffness and the static transmission error are in the form of finite harmonics, and
the backlash is in the form of a piecewise function proposed by Kahraman [27], as shown
in Equations (6)–(8). {

kspi(t) = khsp + kasp cos(ωt + ϕ)
krpi(t) = khrp + karp cos(ωt + ϕ)

(6)

{
espi(t) = easp + ersp cos(ωt + ϕe)
erpi(t) = earp + errp cos(ωt + ϕe)

(7)
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fbj =


xj − bj

0
xj + bj

xj > bj∣∣xj
∣∣≤ bj

xj < −bj

(8)

where the meshing of the sun gear and the planetary gear is called the internal meshing,
the meshing of the planetary gear and the ring gear is called the external meshing, khsp and
khrp are the mean stiffnesses of internal and external meshing, respectively, kasp and karp
are the stiffness amplitudes of internal and external meshing, respectively, easp and earp
are the mean static transmission errors of internal and external meshing, respectively, and
ersp and errp are the static transmission error amplitudes of internal and external meshing,
respectively. In Equation (8), j (j = spi and rpi) represents the backlash of internal and
external meshing, respectively.
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A schematic diagram of stiffness and backlash of the gear system can be obtained as
shown in Figure 4. In Figure 4a, T represents a meshing cycle of the gear.

Figure 4. Schematic diagram of meshing stiffness and gear backlash. (a) Schematic diagram of meshing stiffness (b) Schematic
diagram of gear backlash.
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According to Equation (3), the dynamic equation considering gear angle error and
friction model is a nonlinear equation, which brings difficulties to the design of servo
system controller parameters. The influence of gear system and system friction torque is
introduced into the double inertia system as the interference term of the system, which also
belongs to the modeling error of the system. It is relatively smaller than load feedback and
has no effect on the determination of PI parameters. In order to determine the controller
parameters for the subsequent application of the pole assignment strategy, the influence
of the gear angle error and the friction torque are ignored. After ignoring the nonlinear
factors such as gear angle error and friction torque, the dynamic equation of the flexible
joint servo system can be obtained as shown in Equation (9).{

Jm
..
θm − Ks(θl − θm) = Ta

Jl
..
θl + Ks(θl − θm) = 0

(9)

According to Equation (9), the state space equation of the flexible joint can be obtained
as shown in Equation (10).

.
θm..
θm.
θl..
θl

 =


0 1 0 0
−Ks

Jm
0 Ks

Jm
0

0 0 0 1
Ks
Jl

0 −Ks
Jl

0




θm.
θm
θl.
θl

+


0 0 0 0
1
Jm

0 0 0
0 0 0 0
0 − 1

Jl
0 0




Ta
0
0
0

 (10)

According to Equation (10), the transfer function from the output speed of the motor
to the driving torque can be obtained as shown in Equation (11).

.
θm

Ta
=

Jls2 + Ks

Jm Jls3 + (Jm + Jl)Kss
(11)

We can represent Equation (11) in the form as shown in Equation (12).

.
θm

Ta
=

s2 + ω2
a

Jms3 + Jmω2
ns

(12)

where ωa represents the anti-resonant frequency and ωn represents the resonant frequency,
and their expressions are shown in Equations (13) and (14).

ωa =

√
Ks

Jl
(13)

ωn = ωa
√

1 + R (14)

In Equation (14), R represents the ratio of inertia between the load end and the motor
end, and its expression is shown in Equation (15).

R =
Jl
Jm

(15)

3. Joint Control Strategy Based on BP Neural Network and Pole Placement Method

The control strategy of the flexible joint servo system mostly adopts a three-loop
control strategy, which contains current loop, speed loop and displacement loop. It can be
known that the current loop and the speed loop have a larger bandwidth. The influence
of the current loop can be ignored during the speed loop control strategy. This paper
mainly studies the speed control of the flexible joint, so the influence of position loop is not
considered. The output speed of the motor is easy to measure, so the speed of the motor
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is used as the feedback signal. Through the closed-loop control of the motor speed, the
control of the output speed of the load is indirectly realized.

The PI control strategy is widely used in the speed control strategy of the servo system.
Therefore, this paper uses PI control strategy to control the speed loop of the servo system.
The control block diagram of the flexible joint servo system is shown in Figure 5.

Figure 5. The control block diagram of the flexible joint servo system.

The controller parameters play a key role in whether the flexible joint servo system can
obtain stable speed output. Therefore, it is necessary to design the controller parameters
according to the controlled object. In this paper, the pole assignment strategy is used to
design controller parameters.

The moment of inertia of the load of the servo system in the mechanical arm flexible
joint has obvious time-varying characteristics. It is difficult to obtain a stable control effect
if the controller parameters are fixed. With the development of intelligent control, fuzzy
logic systems and neural networks provide theoretical possibilities for changing controller
parameters in real time. Compared with the PI controller with fixed parameters, the PI
controller that can change parameters in real time can obtain more accurate control effects.
Therefore, this paper uses the BP neural network to adjust the controller parameters in
real time according to the error and the change rate of error. It is necessary to roughly
determine the control parameters before using the BP neural network. In this paper, the
pole assignment strategy is used to roughly determine the control parameters, and then
the BP neural network is used to fine tune the controller parameters. The specific control
flow is shown in Figure 6.

Figure 6. The specific control flow of BP neural network.

3.1. Controller Parameters Tuning Based on Pole Assignment

According to reference [15], the appropriate controller parameters are roughly deter-
mined by using the pole assignment strategy, which is ready for the next step of using the
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BP neural network. According to Equation (12), the closed-loop transfer function of the
flexible joint servo system can be obtained as shown in Equation (16).

.
θm(s)
.
θ
∗
(s)

=
(KPs + KI)

(
s2 + ω2

a
)

Jms2(s2 + ω2
n) + (KPs + KI)(s2 + ω2

a)
(16)

where θ∗ represents the rated input angle, Kp represents the proportional parameter of
the controller, KI represents the integral parameter of the controller. We can represent the
denominator of Equation (16) in the form of Equation (17).{

Jms2(s2 + ω2
n
)
+ (KPs + KI)

(
s2 + ω2

a
)
= Jm M

M =
(
s2 + 2ξa1ωa1s + ω2

a1
)(

s2 + 2ξb1ωb1s + ω2
b1

) (17)

where ωa1 and ωb1 represent the natural frequencies of the pole; ξa1 and ξb1 represent the
pole damping coefficient.

According to the equivalence of corresponding terms, Equation (18) holds.
KP = Jm(2ξa1ωa1 + 2ξb1ωb1)

KI =
Jmω2

a1ω2
b1

ω2
a

ω2
a1 + ω2

b1 + 4ξa1ξb1ωa1ωb1 = ω2
n +

ω2
a1ω2

b1
ω2

a
ξa1ωa1ω2

b1 + ξb1ωb1ω2
a1 = (ξa1ωa1 + ξb1ωb1)ω

2
a

(18)

According to references [15,23], there are three different pole assignment strategies,
which are the same amplitude, the same real part and the same damping coefficient. In this
paper, the pole assignment method with the same amplitude is selected to design the con-
troller parameters. The so-called pole assignment strategy with the same amplitude means
that the poles have the same radius. Therefore, substituting ωa1 = ωb1 into Equation (18),
Equation (19) can be obtained. 

ωa1 = ωb1 = ωa
ξa1ξb1 = R

4
KP = 2Jmωa(ξa1 + ξb1)
KI = Jmω2

a

(19)

According to Equation (19), the expression of controller parameters can be obtained.
Therefore, the controller parameters can be adjusted by changing the pole damping coefficient.

3.2. Controller Parameters Tuning Based on BP Neural Network

Neural network has the ability to approximate any nonlinear function and can realize
the PI control strategy of the optimal controller parameter combination by learning the
system performance. The BP neural network adjusts the PI controller parameters according
to the operating state, and then achieves the optimization of a certain performance index.
The PI controller using BP neural network is shown in Figure 7.

According to Figure 7, the output state of the neurons in the output layer corresponds
to the proportional and integral parameters of the PI controller. Through the self-learning
of the neural network and the adjustment of the weighting coefficient, its stable state
corresponds to a certain optimal controller parameter. The BP neural network in Figure 7
adopts a three-layer structure, one input layer, one hidden layer and one output layer. The
structure of the BP neural network is shown in Figure 8.
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Figure 7. PI controller based on BP neural network.

Figure 8. The structure of BP neural network.

In Figure 8, j represents an input layer node, i represents a hidden layer node, and l
represents an output layer node. The input layer has m input nodes, the hidden layer has q
hidden nodes, and the output layer has two output nodes.

The input node corresponds to the selected system operating state quantity, such as
rated input, system output, error, etc. The output nodes correspond to the proportional
parameter and integral parameter in the PI controller. Since the controller parameters
cannot be negative, the neuron activation function of the output layer takes a non-negative
Sigmoid function.

It can be seen from Figure 8 that the output of the input layer of the BP neural network
is shown in Equation (20).

O(i)
j = x(j), j = 1, 2, 3, · · · , m (20)

The input of the hidden layer is shown in Equation (21).

net(2)i (k) =
m

∑
j=0

ω
(2)
ij O(1)

j (21)

where ω
(2)
ij represents the weighting coefficient from the input layer to the hidden layer.

The output of the hidden layer is shown in Equation (22).

O(2)
j (k) = g

(
net(2)i (k)

)
, i = 1, 2, 3, · · · , q (22)
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where g(x) represents the positive and negative symmetric Sigmoid function, and its
expression is shown in Equation (23).

g(x) = tanh(x) =
ex − e−x

ex + e−x (23)

The input of the two nodes in the output layer of the neural network is shown in Equation (24).

net(3)l (k) =
q

∑
i=0

ω
(3)
li O(2)

i (k) (24)

where ω
(3)
li represents the weighting coefficient from the hidden layer to the output layer.

Thus, two outputs of the output layer can be obtained as shown in Equation (25).

O(3)
l (k) = f

(
net(3)l (k)

)
, l = 1, 2 (25)

where f (x) represents the neuron activation function of the output layer, and its expression
is shown in Equation (26).

f (x) =
1
2
(1 + tanh(x)) =

ex

ex + e−x (26)

The two outputs of the output layer of the BP neural network are the PI controller
parameters as shown in Equation (27).{

O(3)
1 (k) = KP

O(3)
2 (k) = KI

(27)

The performance index function selected in this paper is shown in Equation (28).
E(k) = 1

2 (r(k)− y(k))2
.
θ
∗
(k) = r(k)

.
θm(k) = y(k)

(28)

where, r(k) represents the input node, which is the state quantity of system operation, and
y(k) is the output node. The difference of them represents the error. In this paper, r(k) is the
expected value of motor speed, and y(k) is the actual motor speed.

The gradient descent algorithm is used to modify the weight coefficient of the BP
neural network, and its expression is shown in Equation (29).

∆ω
(3)
li (k) = −η

∂E(k)

∂ω
(3)
li

+ ∂∆ω
(3)
li (k− 1) (29)

where η represents the learning rate, ∂ represents the inertia coefficient, which is used to
make the contraction converge to the global minimum quickly.

According to Equation (29), Equation (30) can be obtained.

∂E(k)

∂ω
(3)
li

=
∂E(k)
∂y(k)

· ∂y(k)
∂u(k)

· ∂u(k)

∂O(3)
l (k)

·
∂O(3)

l (k)

∂net(3)l (k)
·
∂net(3)l (k)

∂ω
(3)
ll (k)

(30)

Due to the non-linear factors of the flexible joint servo system model, it is difficult to
obtain ∂y(k)/∂u(k). We can use Equation (31) as an approximation of ∂y(k)/∂u(k).

∂y(k)
∂u(k)

≈ y(k)− y(k− 1)
u(k)− u(k− 1)

(31)
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Since u(k) and u(k− 1) are very close, it is easy to cause the infinite phenomenon in
Equation (31). Therefore, this paper uses Equation (32) instead of Equation (31).

∂y(k)
∂u(k)

≈ sgn
(

y(k)− y(k− 1)
u(k)− u(k− 1)

)
(32)

According to the classical incremental numerical PID control algorithm, the expression
u(k) can be obtained as shown in Equation (33).

u(k) = u(k− 1) + Kp(e(k)− e(k− 1)) + KIe(k) (33)

According to Equation (27), Equation (33) can be written in the form of Equation (34).

u(k) = u(k− 1) + O(3)
1 (e(k)− e(k− 1)) + O(3)

2 e(k) (34)

According to Equation (34), Equation (35) can be obtained.
∂u(k)

∂O(3)
1 (k)

= e(k)− e(k− 1)

∂u(k)

∂O(3)
2 (k)

= e(k)
(35)

According to Equations (33) and (35), the weight calculation formula of the output
layer of the BP neural network can be obtained as shown in Equation (36).

∆ω
(3)
li (k) = −ηe(k)

∂y(k)
∂u(k)

∂u(k)

∂O(3)
l (k)

f ′
(

net(3)l (k)O(2)
l (k) + ∂∆ω

(3)
li (k− 1)

)
(36)

Substituting Equation (32) into Equation (36), and then Equation (37) holds.

∆ω
(3)
li (k) = −ηe(k)sgn

(
y(k)− y(k− 1)
u(k)− u(k− 1)

)
∂u(k)

∂O(3)
l (k)

f ′
(

net(3)l (k)
)

O(2)
l (k) + ∂∆ω

(3)
li (k− 1) (37)

In order to simplify Equation (37), Equation (38) holds.

δ
(3)
l = e(k)sgn

(
y(k)− y(k− 1)
u(k)− u(k− 1)

)
∂u(k)

∂O(3)
l (k)

f ′
(

net(3)l (k)
)

(38)

According to Equation (38), the weight calculation formula of the output layer of the
BP neural network can be obtained as shown in Equation (39).

∆ω
(3)
li (k) = ηδ

(3)
l O(2)

l (k) + ∂∆ω
(3)
li (k− 1) (39)

Similarly, the formula for calculating the weight coefficient of the hidden layer can be
obtained as shown in Equation (40).

∆ω
(2)
li (k) = ηδ

(2)
l O(1)

l (k) + ∂∆ω
(2)
li (k− 1)

δ
(2)
l = g′

(
net(2)l (k)

) 2
∑

i=1
δ
(3)
l ω

(3)
li (k)

(40)

The algorithm of PI controller based on BP neural network is shown below.
(1) Determine the structure of the BP neural network, that is, the number of input

nodes m, the number of hidden layer nodes q, and the initial values of the weight coefficients
of each layer of the neural network are ω

(2)
li (0) and ω

(3)
li (0), and the learning rate η and the

inertia coefficient ∂ are selected.
(2) r(k) and y(k) are obtained by sampling, and the time error e(k) is calculated.
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(3) Calculate the input and output values of each layer of the neural network, and
adjust the controller parameters.

(4) Calculate u(k) according to Equation (34).
(5) Carry out neural network learning and adjust the weighting coefficients online

according to Equations (39) and (40) to realize the adaptive adjustment of PID parameters.
In summary, this paper adopts a control strategy based on BP neural network and pole

assignment method to control the flexible joint servo system. The control block diagram is
shown in Figure 9.

Figure 9. Control block diagram of the flexible joint servo system.

4. Numerical Simulation Analysis

In order to verify the effectiveness of the proposed control strategy, the simulation
analysis of the flexible joint servo system is carried out based on Matlab and Simulink
in this paper. Firstly, the influence of friction torque on the flexible joint servo system
is illustrated through simulation analysis. Then the influence of different pole damping
coefficient on the output of the servo system is analyzed, and the reasonable interval of the
pole damping coefficient is given. Finally, the effectiveness of the proposed control strategy
is verified by comparing the output errors of different control strategies.

4.1. The Effect of Friction on the System

In the robotic arm flexible joint servo system, the servo motor drives the load to rotate.
In the process of load rotation, it is affected by friction. In this paper, the Stribeck model
shown in Equation (1) is used to describe the friction torque of the load. In order to analyze
the influence of friction torque on the flexible joint servo system, the moment of inertia of
the motor end is set to 0.05, the moment of inertia of the load end is set to 0.15, and the
torsional stiffness of the joint is set to 300. In the simulation process, a sinusoidal signal
is selected as the rated input signal of the motor end. Thus, the law of friction torque
changing with time can be obtained as shown in Figure 10a. The influence of friction torque
on the input torque required by the servo system is obtained as shown in Figure 10b. The
influence of friction torque on the servo system is not only reflected in the required input
torque. The friction torque also affects the output of the system speed. The influence of
friction torque on the load end speed and rotation angle is shown in Figure 10c,d.

According to Figure 10a, it can be seen that when the friction torque changes in the
direction of the speed, a sudden change will occur. This sudden change of friction torque
is due to the static friction effect. According to Figure 10b, we can see that the sudden
change of the friction torque will cause the sudden change of the required input torque,
but the controller cannot provide the required driving torque within a short period of
time, which will cause fluctuations in the output speed of the servo system. According
to Figure 10c, we can clearly see this speed fluctuation. The speed fluctuation will have a
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certain effect on the angle of rotation, but according to Figure 10d, it can be seen that this
effect is relatively weak.

Figure 10. The influence of friction torque on the system. (a) Image of friction torque (b) Influence of friction torque on
required input torque. (c) Influence of friction torque on load speed (d) Influence of friction torque on load angle.

In summary, the friction torque received by the flexible joint servo system will affect
the input torque and load speed. Therefore, the influence of friction torque cannot be
ignored for robots with high accuracy.

4.2. The Influence of Pole Damping Coefficient on System Output

The selection of the controller parameters plays a crucial role in the control effect of
the flexible joint servo system. In this paper, the pole assignment strategy of the same
amplitude is used to roughly design the controller parameters. According to Equation (19),
it can be seen that the design of the controller parameters can be transformed into the
selection of the pole damping coefficient. Different pole damping coefficient will affect the
output of the system. In order to clarify the influence of the value of the pole damping
coefficient on the output of the system. Within this paper, the moment of inertia at the
motor end is set to 0.05, the moment of inertia at the load end is set to 0.15, and the torsional
stiffness of the flexible joint is set to 500. In order to illustrate the influence of the pole
damping coefficient, the rated signals of the motor speed are set as a step signal and a
sinusoidal signal, respectively. Therefore, the output results of different pole damping
coefficients at the motor end and load end can be obtained as shown in Figures 11 and 12.
Among them, Figure 11 shows the output results under the step signal and Figure 12 shows
the output results of the sinusoidal signal.

According to Figures 11 and 12, the value of the pole damping coefficient will affect
the fluctuation of the output speed. This phenomenon is especially obvious under the step
signal input. However, the value of the pole damping coefficient has a weaker effect on
the angle of rotation. According to Figure 11, the value of the pole damping coefficient,
whether too large or too small, will aggravate the fluctuation of the output speed. Based on
this, it can be obtained that the ideal value range of the pole damping coefficient is 0.3–0.5
through numerical different simulation experiments. In this interval, the design of the PI
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controller parameters of the flexible joint servo system can obtain a relatively stable output.
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Figure 11. Simulation results under step signal. (a) Motor end speed output (b) Motor end angle output. (c) Load end speed
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Figure 12. Simulation results under sinusoidal signal. (a) Motor end speed output (b) Motor end angle output. (c) Load end
speed output (d) Load end angle output.
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4.3. Joint Control Strategy of BP Neural Network and Pole Assignment

During the movement of the robot, the moment of inertia at the load end of the
flexible joint will change. In order to make the robot obtain good output under different
working conditions, this paper chooses three different working conditions to carry out
simulation experiments. The parameters of the three different working conditions are
shown in Table 1.

Table 1. Parameters of the dual-flexible manipulator.

Parameters Condition 1 Condition 2 Condition 3

Flexible load inertia Jl/kgm2 0.186 0.256 0.573
Motor inertia Jm/kgm2 0.062 0.062 0.062

Torsional stiffness Ks/Nm/rad 305 305 305
Anti-resonant frequency ωa 40.4943 34.5168 23.0713

Resonant frequency ωn 80.9885 78.1714 73.8352
Inertia ratio 3 4.1290 9.2419

Pole damping coefficient 0.3 0.3 0.3
Controller parameters for pole assignment 14/101 16/73 22/33

Common PI controller parameters 20/80 20/80 20/80

In order to verify the effectiveness of the control strategy proposed in this paper, the
joint control strategy of BP neural network and pole assignment, the pole assignment
control strategy, and the common PI control strategy are respectively selected to control the
flexible joint. The three working conditions in Table 1 are selected for simulation, and the
simulation results of different control strategies are obtained as shown in Figures 13 and 14.
Figure 13a shows the speed output at the motor end, Figure 13b shows the error of the speed
output at the motor end. Figure 14a shows the speed output at the load end, Figure 14b
shows the speed error at the load end.
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Figure 13. Motor output under different control strategies. (a) Rotation speed at the motor end. (b) Rotational speed error
at the motor end.
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Figure 14. The load output under different control strategies. (a) Rotation speed at the load end. (b) Speed error at the load end.

According to Figure 13b, taking the maximum error of PI method as the benchmark,
the percentage of other methods’ maximum errors to it is obtained.

The method of the joint control strategy of BP neural network and pole assignment in
different working conditions: 30% (Working condition 1), 32% (Working condition 2) and
38% (Working condition 3).

The method of the joint control strategy of pole assignment in different working conditions:
40% (Working condition 1), 44% (Working condition 2) and 44% (Working condition 3).

According to Figures 13 and 14, the control strategy proposed in this paper has small
error under any working conditions, which shows that the control strategy proposed in
this paper can effectively reduce the error and improve the control accuracy.

5. Conclusions

Based on the double inertia system, an integrated joint motor servo system model
considering gear angle error and friction interference is established, and a joint control
strategy based on BP neural network and pole assignment method is designed to sup-
press the vibration of the system. The following conclusions can be obtained through
simulation analysis:

(1) When the friction torque changes in the direction of the speed, a sudden change
will occur. This sudden change of friction torque will affect the input torque, and cause
fluctuations in the output speed and the output rotation angle of the servo system.

(2) The pole damping coefficient will affect the fluctuation of the output speed. This
phenomenon is especially obvious under the step signal input. In the range 0.3–0.5 of the
pole damping coefficient, the design of the PI controller parameters of the flexible joint
servo system can obtain a relatively stable output.

(3) The control strategy proposed in this paper has small error under different working
conditions, which shows that the control strategy proposed in this paper can effectively
reduce the error and improve the control accuracy.
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