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Abstract: To solve the contradiction between dynamic performance and steady-state performance of
the robot system, a smooth-switching control strategy is proposed. By combining robot and motor
model, the complete model of the robot driving system is established. The single-loop Feedback
Linearization (FL) controller and Port-Controlled Hamiltonian (PCH) controller based on the complete
model are derived to ensure the rapidity and stability of the system respectively. A smooth-switching
function based on position error is designed. It can ensure the smooth-switching between two
controllers and avoid the instability caused by switch-switching. The proposed algorithm can make
the robot system have good dynamic and steady performance. Simulation and experiment results
demonstrate the effectiveness of the smooth-switch control strategy.

Keywords: robot; smooth-switching; hamiltonian; feedback linearization

1. Introduction

With the wide application of robots, position control has become a hot topic. The robot is a
nonlinear control system with strong coupling characteristics. Due to the influence of modeling
imprecision and external disturbance, the precision of robot end-effector is always a difficult problem.
At present, the control of joint robot usually separates the robot from the driving motor. Only the
robot dynamics is considered, and the simulation analysis is done at the position-loop level,
without considering the actual driver model, which is not easy to be implemented in engineering.
The driving motor of joint robot is usually permanent-magnet synchronous motor (PMSM). The control
of it is always a hot topic due to its multi-variable and strong coupling characteristics.

PID control is widely used in industry. Many experts and scholars have done a lot of
research on PID control [1-5]. P. R. ouyang et al. proposed a position domain nonlinear PD
control method, which effectively improved the transient response performance [1]. An online
self-tuning PD controller of robot manipulators is designed in reference [4]. It has good performance
under large interference. With the development of science and technology, there are numerous
nonlinear and intelligent control methods, such as backstepping control [6-8], sliding mode
control [9-11], adaptive control [12-14], robust control [15-17], Hoo control [9,18], fuzzy control,
neural network control, feedback linearization control and so on. These control methods have
aroused the interest of many scholars. Kanellakopoulos and Kokotovic et al. proposed backstepping
control [6]. Since then, backstepping control has been developed rapidly. Petit et al. adopted the
backstepping control method of multi-joint robot tracking control to solve the problems of noise state
measurement and high-order state derivative [7]. However, the computational explosion problem
of backstepping control is difficult to solve. Sliding mode control has fast dynamic response. It is
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insensitive to the system model and has high robustness. The single-loop sliding mode control
of PMSM based on nonlinear disturbance observer is proposed in reference [9]. In reference [10],
a new controller combining neural network with sliding mode control is proposed, which overcomes
the requirement of system uncertainty bound by sliding mode controller. However, no matter
how optimized, the chattering problem of sliding mode control still exists. It is inevitable that chattering
damages the system. Adaptive control can adjust the parameters of the controller automatically.
Sayed Bagher Fazeli Asl proposed an adaptive backstepping sliding mode control method, which
improved the reaction speed of the system and effectively reduced chattering of the sliding mode [11].
Han et al. taking robot tracking control as an example, adaptive method is adopted to improve the
approximation performance of neural network [13]. A new adaptive backstepping control method
is proposed in the literature [14], which improves position accuracy and has a good compensation
effect for disturbance. However, the design of adaptive controller is very complex, and the stability of
adaptive control is difficult to guarantee when the system uncertainty is large. Homayounzade et al.
designed a robust controller for the robot system, which can deal with mechanical and electrical
uncertainties at the same time, eliminating the limitations of previous robust control methods on
system uncertainties [15]. Makarov et al. used Heo framework to design a two-degree of freedom robot
controller [18], which cannot only withstand the uncertainty or change of model parameters, but also
predict the future trajectory within a given time range and accurately track the given reference trajectory,
with strong robustness. Fuzzy and neural network control have been widely concerned since they
were proposed. However, due to the limitation of hardware, they are difficult to apply in practice.
Feedback linearization control can adjust the dynamic response time of the system by assigning poles.
Cambera et al. designed a feedback linearized controller [19] by using double-loop cascade control
to solve the trajectory tracking problem of single-link robot under the action of gravity. A simple
learning strategy-based feedback linearization control for uncertain nonlinear systems is proposed
in [20]. Yin et al. designed a nonlinear state feedback controller for robots combined with energy
shaping [21], which can effectively suppress vibration and reduce motor position oversetting, and
theoretically prove its global convergence.

All the above control methods are based on the idea of signal transformation. These methods can
make the system have good dynamic response. In general, the steady-state characteristics of systems
based on these methods are not very good. In 1989, Ortega and M. Pong proposed passivity-based
control (PBC) to study the stability analysis and controller design of nonlinear systems [22].
In 2002, professor R. Ortega et al proposed the passive control method of interconnection damping
configuration (IDA-PBC) for the port Hamiltonian system [23]. Professor Haisheng Yu applied
Hamiltonian method to permanent-magnet synchronous motor and made good progress [24-26].
PBC is based on the view of energy transformation and the research of PBC becomes very
popular [5,27-29]. PBC can make the system have good steady-state performance, but its dynamic
response is slow. A switching control method based on velocity error is proposed in reference [30],
but the chattering of SMC still exists.

In this paper, a novel smooth-switching control strategy is proposed. A arctangent function based
on position error is designed to ensure the smooth transition between two controllers. This avoids the
risk of instability caused by switch control in the system. When the error is large, the signal controller
works to ensure the rapidity of system response. When the system is near steady state, the energy
controller plays a role to ensure the steady-state performance of the system. And by combining robot
and motor model, a complete model of robot control system is given. It is easy to realize in engineering
and simplify the design of the controller. Based on the complete model, feedback linearization
controller and Hamiltonian controller of the robot control system are derived. The algorithm is
compared with PID and SMC in MATLAB, and compared with PID on robot experimental platform
(Figure 1). The results show that the algorithm has better dynamic and steady performance.
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The main contribution of this paper can be summarized as follows:

1. By combining the robot model with the PMSM model, the controller design is simplified, and the
engineering implementation is easier.

2. Based on the complete model of robot control system, FL and PCH controller are given.

3. A novel smooth-switching control strategy is proposed to ensure the dynamic and steady
performance of the system response.

This paper is organized in the following sections. In Section 2, the mathematical model of the
robot drive system is given. Smooth-switching control strategy, feedback linearization controller and
Hamiltonian controller are designed in Section 3. In Section 4, the simulation and experiment results
verify the effectiveness of the proposed method. The conclusion is summarized in Section 5.

Figure 1. Robot experiment platform.

2. Mathematical Model of Robot Control System

The dynamic equation of the manipulator can be described as [31]

D(q)iq+ C(4,4)4+ G(q) = 7. — Req )

where g = [q1,92,93]" is the joint position vector of the robot, D(q), C(q,4), G(q) and R 7 are inertia
matrix, Coriolis matrix, gravity matrix and friction matrix of robot respectively, Ty is the vector of the
load torques on the PMSMs.

The kinematic equation of PMSMs of three-joints robot is described by
J04+ Rw =T — 11 )

where 17, = 57 is the vector of the load torques of PMSMs, 0, w are the position vector and speed

vector of motors, J, R = diag {Ry, Ry, R3} are the matrix of moment of inertia and friction matrix of

PMSMs, T is the electromagnetic torque vector, and # is the matrix of reduction ratio, g = #6.
Combine (1) and (2), the mathematical model of robot control system can be obtained.

D(9)i+C(q9.9)§+G(g) =7 ®3)

whereD(q) = #D(q) + 1~ "Jm, C(4,4) = 1C(q,4) + 1Ry +17'R, G(q) = 1G(q).
And the electrical model of the non-salient pole PMSM on the d — g axis is considered. The whole
model of the robot control system is presented by the following equation.
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di . .
L, d: = —Rsig + n,,qutq +uy
di . .
LqE = —Rslq — nprqlq — n,,wcb + uy @)
D(q9)j=7—C(q,9)4— G(q)
T = n,®i,

where iy, ig and ug4, 1, are the vector of stator current and stator voltage on the d — g axis. Ly, L; and
Rs is the diagonal matrix of stator inductance and phase winding resistance, 1, is the number of
pole pairs, ® is permanent-magnet flux.

3. Design of Controller

The block diagram of the drive control system of the robot is shown in Figure 2. The motor drive
system is added to the robot control block diagram. The q;, q;, 14;, i5; of each axis passes through the
signal controller and the energy controller to form two voltage signals u,;, u5;. In addition, the u,;, ug;
form the driving voltage(uy, u;) through the smooth-switching control strategy.

u,
dg) ap |, | SVPWN
i i al
d q 3
L park

G G20 G u,

energy u,
controller u,

Smooth-
switching
controller

L1040y

|
0
=

Signal u,
controller

-

U,y
dq | aff i, SVPWM

Encoder

4 9 9

Figure 2. Block diagram of robot drive system.

3.1. Signal Controller

The traditional feedback linearization controller of robot is shown in Appendix A.1l.
After combining the robot model with the motor model, the feedback linearization controller is
deduced as follows. The mathematical model of robot control system can be redescribed as the
following equation with the state vector x = [ig, i5,4]7 and the output vector y = [ig4, 4]

dy1 _ dig _ —Rsig+npywlyiyg+ug

dt ~ dt L,

dy _dg _ . s 4\ A, A 5
5 =g, =d=D)[r-Cij—G] ®)
dzyz_dq_..

e =a=i= (DY) [t — Cj — G] + D~ [n,®i, — Cj — Cij — G]
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Now, let a1 = %, Ny = ddtyzz are the intermediate variables, then

—Rsig +npwlyiy n 1 "
7 ¥d

= Ly Ly

_ . p-1 (6)
a2 = D7 n,®(—Rsiy — npwLyiy — nyw®) — Cq — Cj — G] +

Then, the equivalent input variable ay, a5 is taken as

{lxl =i —ki(ig — i})

. L . @)
wy =4q" —ka(q—q*) —ks(§—4") — ka(§—G")

where kq, ky, k3, k4 are diagonal constant matrix where each element is greater than 0. We can obtain
that the error i; — i} and g — g* decays exponentially at 0. Combined with Equations (6) and (7),
the signal controller can be obtained

ug = Lg(i — k1(ig — i) + Rsig — npwLyiy
L,D

ug = [‘7 —ka(qg—q%) —ks(§—4%) — ka(§ — §*)] ®)
+ Ly(Rsig + npwLyis + npyw®) —I— (Cq +Cij+ G)

3.2. Energy Controller

The traditional PCH controller is shown in Appendix A.2. In this part, based on the model of
robot drive system (4), the Hamiltonian model of the whole system is derived. Then the Hamiltonian
controller for the robot drive system is given.

For the mathematical model (3), define the state vector

==l ol

where p, = Dgq is angular momentum vector. Take the mechanical energy of the system as the
Hamiltonian function

H,(q,pr) = %PTD‘l(q)pﬂrU(q) (10)

According to Equations (1), (9) and (10), the Hamiltonian model of the robot can be obtained
as follows

= [ (ar) = Re(e)) 2507 g0
_ 0 I 0 G-—nCTg L |0 (1)
|- o0 0 RF g I3

where Rp = Ry + 77 YR — ).
For the i-th PMSM, define the input vector u,; = [udi,uqi,—TLmi}T and the state vector
Xmi = [Laitai, Lgilgi, J;w;]'. The Hamiltonian function of PMSM is chosen as

1
Hmi(xmi) = (Ldzldl + qul + Jiw ) (12)

The i-th PMSM model can be written as PCH model

aHmi(xmi)

Xi = [Jmi(Xmi) — Roni (X)) 9%,

+ &mlmi (13)
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o T
where R,,;(x) = diag {R;, R;, 0}, 781{3‘;5;"”) = [idi igi w,»] gm = Iz and

0 0 MpiLgi ‘qi
Jimi(x) = 0 0 —npi (Lajigi + P;) (14)
—npiLlgiigi npi (Laiigi + ;) 0

For the whole control system, the two Hamiltonian systems cascading are still Hamiltonian

system. Let the state vector x,, = [x],x]]T, and the control vector u,,, = [T7,u},]T. The Hamilton

function is made up of (10) and (12)
Hrm(xrm) = Hr(xr) + Hm(xm) (15)

Then, the PCH model of the whole system can be written as

. JoH
Xrm = [Jrm (Xrm) — Rym] w + Srmtrm (16)
rm
0 .
where Jom(xpm) = —JL(xm) = [I(r)(xr) I?;g)l , and R,y = diag{R; Ry},
9% 6 m\Xm) | 1= 15

grm = diag {gr, gm}
Define the state error &, = x,, — x},,, and the expected Hamilton function

Hy (frm) =H, (fr) + Hp, (fm) (17)

where H,(%) = 3p"™D"1(q)pr + 347K, and K,, is diagonal matrix.
The system can be described as the following equation with the expected Hamilton function Hy

. 0H, (%
S = (g (Fo) — Ry) 220 ) 18)
Xrm
Substituting &, = xrm — x7,, into Equation (18) leads to
. . JoH, (% .
Xrm = Ud (%rm) — Rd] a (¥rm) +x (19)

% rm

By combining Equations (16) and (19), and Considering %}, = 0, the following equation can

be obtained B
E)Hd (xrm)

X

- Umi(xmi) - Rmi(xmiﬂ

grmttrm = [Ja (%Frm) — Ryl
(20)
dH,,; (xmi)
axm,-
The PCH controller of the robot drive system can be obtained by proper configuration of J, and R,.

Where J; = J3(%rm) — Jrm(Zrm), Ra = Rg — Ry

T=—Kp(q—4q,) —Kr(4—4s) —Dj+C4+G

T
R TN L
uy 114+ a(ig np<I>) nyLyigw 1)
R
u; = —aig — Ry (iy — %) +nyLjigw + npy®w”
p

where a, Ry, R; is the diagonal matrix to be configured.
The Lyapunov function is chosen as V = H(&,;). From the reference [24], it can be obtained that
V < 0. Therefore, the energy subsystem is stable.
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3.3. Smooth-Switching Control

A novel smooth-switching control strategy is proposed in this part. When the error is large,
the signal controller plays a role; when the error is small, the energy controller plays a role, and a
smooth-switching function is designed in the middle for the transition. First, a smooth-switching
function is designed to meet the switching requirements. Then the smooth-switching controller is
presented with the function.

The smooth-switching function based on position error is designed as

Gle)=1— %arctan(g)2 (22)

where ¢; = q; — q4;, 0 is the scale parameter. The function curve of G(e;) is shown in the Figure 3 with
the different o.

1-G(e)

-1 -0.5 0 0.5 1
e/rad

(b)The response curve of 1-G(e).
Figure 3. Smooth-switching function curve.

The smooth-switching controller is designed as

{ud = G(e)usg + (I — G(e))uyy (23)

u; = G(e)usy + (I — G(e))ueg
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where e = [el,ez, €3]t is the error vector, u;, Usq is the output of signal controller (8), and Ueg req is
the output of energy controller (21). Combining Equations (8), (21) and (23),the smooth-switching
controller can be obtained.

T=-K,(q—q;) —Kr(§—4a) —Dj+C4+G

ug = G(e)[Ly(i5 — k1(ig —i%)) + Rsig — npwLyig) 4 (I — G(e))[—Ryig + a(i; — —nrq)) — npLyizw]
p
L,D .., X . .k . . (29)
ug = G(e)[nzitb(q —k2(q—q%) —ks(§—4") —ka(§ — §*)) + Lg(Rsig + npwLyiq + npw®)

~

RsT

" (CiFCi+ G)) 4 (1 — G(o) [—aia = Raliy — g

np

_|_

) +nyLiigw + ny®w’]

&

4. Simulink and Experimental Results

4.1. Simulink Results

To verify the effectiveness of the smooth-switching control strategy, the simulation is done in
Matlab. According to the pole assignment principle and a large number of experiments in the
actual system, the controller parameters are selected as follows: k, = diag {10000, 10000, 10000},
ky = diag {1000,1000,1000}, k3 = diag{200,200,200}, and ks = diag{20,20,20}. R; =
diag {1000, 1000,1000}, R, = diag {1000,900,800}, a = diag {0.1,0.1,0.1}.

Case 1: To verify the effectiveness of smooth-switching control strategy and the stability of
Hamilton controller (PCH) and Feedback Linearization controller (FL), the curve of unit step response
is made. In addition, the scale parameter o of smooth-switching function is set to 0.01. The results are
shown in Figure 4. The simulation results show that the system is stable with the controller PCH or
FL. In addition, the characteristics of both controllers are obvious. FL controller has a fast response
speed but poor steady-state performance. On the contrary, PCH controller has a poor response speed
but a good steady-state performance. In addition, the Smooth-switching controller has the rapidity
of Feedback Linearization (FL) controller and the stability of Hamilton (PCH) controller. It can also
be obtained by analyzing the performance index (Table 1) of the system. The rising time of the
smooth-switch control of the three joints are 0.35 s, 0.34 s and 0.42 s respectively, which are close to FL
and far less than PCH. The tracking errors of smooth-switching are close to that of PCH, and much
less than that of FL.

Table 1. Performance indexes of PCH, FL and smooth-switching with unit step response.

Description PCH FL Smooth-Switching
joint 1: rise time (t,)  0.86s 0.27 s 0.35s

tracking error  £5.0 x 107 °rad  42.0x 107 3rad  +5.0 x 107> rad
joint 2: rise time (¢,) 0.88s 0.24s 0.34s

tracking error +25x107*rad +15x103rad +25x 107*rad
joint 3: rise time (¢,) 0.88s 0.26 s 042s

tracking error  +1.5 x 107%rad +1.0x103rad +1.5x 10 *rad

Case 2: To verify the tracking effect of the controllers, set the desired trajectory of the three
joints as q; = 1+ 0.5sin(7tt), g = 1+ 0.5sin(7tt) and g3 = 1+ 0.5sin(7tt). In addition, the scale
parameter o of smooth-switching function is set to 0.01. The tracking error curves is shown in
Figure 5. Obviously, all three controllers can make the error converge to 0. It can be seen from Table 2
that smooth-switching control makes the robot system has fast rise time (0.35 s, 0.36 s, 0.39 s) and
small tracking error(#5.0 x 10~ rad, +£3.3 x 10~* rad, +1.5 x 10~* rad). The advantages of the
smooth-switching control strategy is demonstrated again. Therefore, whether the input is a step signal
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or a sinusoidal signal, the smooth-switching control strategy can make the system perform well in
both dynamic and steady state.

Case 3: To verify the influence of scale parameters o on the system, the error curves under different
o are made by taking joint 1 as an example (Figure 1). It can be found from the Figure 6 that the smaller
o is, the faster the smooth-switching controller is closer to the signal controller. The smaller the o,
the faster the transition. The smaller o ensures the speediness and stability of the system and avoids
the instability caused by switching control.

2 — Desired 12 — Desired
——PCH ——PCH
1 FL FL
—— Smooth-switching| —— Smooth-switching
0.8 1.02
K 1.01
Sos
=3
s
0.4
0.99
0.2
0.98
0 1 2 3 4 5 A A A 5
[

1 2 3 4
ts

5

(b)The unit-step response curve of joint 2.

—— Desired

t\s

5

——PCH
FL
—— Smooth-switching|

0 1 2 3 4 5
t\s

(¢)The unit-step response curve of joint 3.

Figure 4. Unit-step response curves of three joints with ¢ = 0.01.

——PCH ——PCH
FL FL
—— Smooth-switching —— Smooth-switching|

e2/rad

t/s t/s

(b)The error curve for joint 2.

—PCH
FL
—— Smooth-switching|

ts

(¢)The error curve for joint 3.

Figure 5. Error curves of three joints with q; = 1 + 0.5sin(7tt) and o = 0.01.



Energies 2020, 13, 5731

Table 2. Performance indexes of PCH, FL and smooth-switching with q; = 1 + 0.5sin(7tt).

Description PCH FL Smooth-Switching
joint 1: rise time (t,)  0.88 s 0.28 s 0.35s

tracking error  +5.0 x 107*rad  49.0 x 10 3rad  £5.0 x 10 * rad
joint 2: rise time (t,) 0.86s 0.27s 0.36 s

tracking error  +2.8 x 107*rad 460 x10%rad £33 x 10 *rad
joint 3: rise time (t,) 0.90s 0.35s 0.39 s

tracking error +15x107*rad +7.0x103rad +1.5x 107*rad

0.5

2

3
t/s

4 5

Figure 6. Error curves of joint 1 with g5 = 1 + 0.5sin(7tt) and different 0.

10 of 16

Case 4: To verify the superiority of the algorithm, the smooth-switching control is compared
with PID and sliding mode control (SMC). The trajectory tracking error curves of the three control
methods are shown in Figure 7. In addition, the performance indexes of the system are shown in
Table 3. The simulation results show that the smooth-switching control method is more excellent in
both dynamic performance and steady-state performance.

TT—smc
—PID
—— Smooth-swithing

. . . . .
0 05 1 15 2 25 3
Time (s)

L L L
35 4 45 5

(a)Error curves of joint 1.

q2(rad)
o
2

0.02

"[—suc
—riD

0.01

—— Smooth-switching

0
02 -0.01
0 1 2 3 4 5

. . . . . . .
15 2 25 3 35 4 45 5
Time(s)

(b)Error curves of joint 2.

" [—smc

——PID

—— Smooth-switching

(¢)Error curves of joint 3.

.
25
Time(s)

L L L
3 35 4

.
45

5

Figure 7. Error curves of three joints-based PID, SMC and smooth-switching with q; = 1 + 0.5sin(7t)

and ¢ = 0.01.
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Table 3. Performance indexes of SMC, PID and smooth-switching with g; = 1 + 0.5sin(7tt).

Description SMC PID Smooth-Switching
joint 1: rise time (t,)  0.58 s 0.76 s 0.35s

tracking error  +6.0x 107 3rad 43 x103rad  £5.0x 10 *rad
joint 2: rise time (¢,)  0.57 s 0.75s 0.36 s

tracking error  +4.0x 107 3rad 4+2.0x103rad £33 x 10 *rad
joint 3: rise time (t,) 0.63 s 0.79 s 0.39 s

tracking error  +5.0x 107 3rad 4+2.0x103rad £1.5x 10 *rad

4.2. Experimental Results

Due to the limitation of experimental conditions, the algorithm is validated only in the position
loop on the robot platform (Figure 1). The experimental platform was provided by Qingdao mangrove
technology Co., Ltd. The experimental platform consists of MATLAB, Googol motion control card,
servo driver and robot. The structure of the experimental system is shown in Figure 8. The three pitch
joints of the robot are taken as the research objects. The robot parameters are shown in Table 4.

Real time
data

MATLAB Motion
Real time Controlling Real time

management Board management

Encoder signal

Figure 8. Experiment system configuration.

Case 5: The experimental error curves of FL, PCH and smooth-switching are shown in Figure 9.
The performance indexes of the system are shown in Table 5.

Figure 9a shows that FL controller makes joint 1 have fast dynamic response. However, in the
steady-state process, the tracking error is large, and chatter occurs between 2025 s. And there is a
big overshoot at the beginning. Overshoot is caused by the inaccuracy of robot model. The dynamic
response of PCH controller is slow. However, the steady-state performance of PCH controller is good
and the error is small. In addition, the smooth-switching controller has fast dynamic response and
good steady-state performance.

Figure 9b shows that joint 2 based on FL controller has obvious chatter in 15-30 s. In addition,
FL controller reaches steady state earlier than PCH controller. smooth-switching control has the
advantages of both fast dynamic response and no chatter.

Figure 9c shows that under the action of FL controller, the position error of joint 3 is greater than
that of PCH controller. When the position of joint 3 reaches the maximum value and minimum value,
the error contrast is obvious. The smooth-switching controller has the same response speed as FL
controller and the same position error as PCH controller.

Table 5 shows the rise time and tracking error of the robot’s three joints under the control of FL,
PCH and smooth-switching. Smooth-switching has a rise time similar to FL and a tracking error
similar to PCH. Therefore, smooth-switching has the advantages of FL and PCH.

The experimental results further confirm the effectiveness of the algorithm.

Case 6: On the robot platform, the experimental results of PID are obtained, and the comparison
with smooth-switching is shown in Figure 10. The rise time and tracking error of the system are shown
in Table 6. The experimental results show that the rise time of Smooth-switching control is shorter
than that of PID and the jitter error is smaller.
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Table 4. Parameters of robot.

Description Joint 1 Joint 2 Joint 3

Mass (m;) 13.56 kg 16.45 kg 2.65 kg
Connecting rod length(/;) 04m 0.46 m 0.08 m
Reduction ratio(r;) 160 200 50

Moment of inertia(J;) 0.34 x 107* 0.052 x 10~* 0.035 x 10~*
Tracking trajectory(q,;) 3+ Lsin(int) 3+ Lsin(int) 3+ Isin(int)

095

09
28 a0 a2 a4

Time(s)

(a)The trajectory tracking curve of joint 1. (b)The trajectory tracking curve of joint 2.

0 5 10 15 20 25 30 35 40
Time(s)

(c)The trajectory tracking curve of joint 3.

Figure 9. The trajectory tracking curve of the robot’s three joints with g; = 0.5 4 0.5sin(0.257t¢) and
o =0.01.

Table 5. Performance indexes of FL, PCH and smooth-switching with q; = 1 + 0.5sin(7tt).

Description FL PCH Smooth-Switching
joint 1: rise time (¢) 1.85s 245s 1.85s
tracking error £0.015 rad +0.003 rad +0.003 rad
joint 2: rise time (t) 6.0s 75s 54s
tracking error +0.003 rad +0.001 rad +0.001 rad
joint 3: rise time (¢) 095s 1.8s 0.95s
tracking error £0.012 rad +0.002 rad +0.002 rad

Table 6. Performance indexes of FL, PCH and smooth-switching with q; = 1 + 0.5sin(7tt).

Description PCH Smooth-Switching
joint 1: rise time (t;) 2.35s 1.85s
tracking error +0.006 rad +0.003 rad
joint 2: rise time (¢) 6.8s 54s
tracking error +0.003 rad +0.001 rad
joint 3: rise time (t) 1.7s 0.95s

tracking error £0.01 rad +0.002 rad
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Figure 10. Comparison curve of tracking error between PID and smooth-switching with g; = 0.5 +
0.5sin(0.257tt) and ¢ = 0.01.

5. Conclusions

Aiming at the joint robot system driven by permanent-magnet synchronous motor,
a smooth-switching control strategy based on position error is proposed. The feedback linearization
control improves the dynamic response of the system. In addition, the PCH control ensures the
steady-state performance of the system. The arctangent function is used to ensure the smooth-switching
process. Simulation results show that compared with PID and SMC, the algorithm designed in this
paper has better dynamic performance and steady-state performance. The experimental results on
the robot platform show that the algorithm can make the manipulator reach the equilibrium point
faster than PID, and has less jitter. However, it is very difficult to prove the Lyapunov stability of
the algorithm, and there are many kinds of switching curves. In future research, we will try to find the
optimal switching curve, and prove the stability of the algorithm in theory.
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Appendix A

Appendix A.1

The traditional feedback linearization controller of robot is derived as follows.
The dynamic equation of the manipulator can be described as

D(9)ij+C(9,9)4+G(q) =7 (A1)

Let § = u, then, (A1) can be rewritten as
D(q)u+C(q,4)4+G(q) =7 (A2)

where, u is the control input. In addition, the tracking error is defined as § = g — g4. Let

u =g —21j— A*j (A3)
Then, the system
G+20§+A%G=0 (A4)
is stable.
Appendix A.2

The traditional PCH controller of robot is derived as follows.
For Equation (11), define the expected Hamilton function as

I S N
H (%) = Sp' D7 (9)pr + 53" Kpd (A5)

where K is diagonal matrix. There is a Hamiltonian system model in which the system satisfies
the expectation.

q ()
[ p ] = a(a,p) = Ra(@,P)] | an,(pp e
aq

The following formula can be obtained from Equation (11), (A5) and (A6).

[017_{ 0 L} _ [0 0 Kp(q —q4)
I —I; 0 0 K i —(
3 3 R 4—4a (A7)
B 0 Iz 0 0 —Cl4+G
-3 0 0 Rf q
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