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Abstract

In this article, two new algorithms of the redundant force branch of 6-PUS/UPU parallel robot are proposed. They are
model predictive control combining with proportional, integral, and differential algorithm and fuzzy combining with model
predictive control algorithm. The shortcoming of the traditional model predictive control algorithm is complex adjust-
ment, large amount of calculation, the dynamic performance effect of the system. The proposed PID model predictive
control algorithm can make the controller parameters adjustment more convenient. However, PID model predictive
control algorithm can’t obtain good control performance under sudden change in situation. Combining model predictive
control algorithm with fuzzy theory, fuzzy model predictive control algorithm has better anti-interference ability than PID
model predictive control algorithm and can reduce predictive horizon length as possible as it can. Simulation results show
that fuzzy model predictive control algorithm can effectively improve real-time performance of control system, the
dynamic tracking performance and robustness than the traditional model predictive control and PID model predictive
control algorithm.
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Introduction

The parallel robot is superior to the serial robot in its rigid-
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ity, high precision, and load capacity. However, there are
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some problems which greatly limit the parallel robot in the
wide range of practical applications, such as uncertainty,
high nonlinearity, complicated mechanism control, large
internal coupling force, singular points in the workspace,
and so on. Redundant force control technology can effec-
tively solve the above problems of the parallel robot.'™
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Figure 1. The virtual prototype model.

The redundant force branch control of the parallel robot
can optimize the driving force of the redundant branch,
improve the internal force and the whole rigidity of the
system, and minimize the instantaneous driving force.””’
To achieve the control purpose,® other motion branches use
position control to ensure the motion accuracy of the par-
allel robot. However, it’s difficult to establish the
dynamics expression equation because of complex and a
large amount of calculation. So it is difficult to achieve
real-time control for complex multi-degree of freedom
(DOF) parallel robots, such as the 6-PUS/UPU 5-DOF
parallel robot developed by our research team (the virtual
prototype model in Figure 1). For the control problem of
the complex object, many scholars have put forward some
advanced control strategies.” '! Model predictive control
(MPC) has received wide attention in past decades due to
its robustness with respect to model uncertainty.'?"'®
However, the MPC has a complex adjustment for para-
meters, the amount of calculation of MPC algorithm will
increase significantly when control horizon and prediction
horizon become large. In practice, tremendous computa-
tion will result in delay which can influence dynamic
performance of the system.

In this article, PID model predictive control (PPC) algo-
rithm and fuzzy model predictive control (FPC) algorithm
are proposed. PPC algorithm can improve complex adjust-
ment of parameters and FPC algorithm can further improve
tremendous computation than PPC algorithm. At present,
the predictive control algorithm usually regards a quadratic
index function consisting of sum of the output error square
and the control signal square of the system as the control
objective function in a certain time domain. Then the opti-
mal control output can be obtained by minimizing the
objective function. Combining the PID algorithm with
MPC algorithm, PPC algorithm'” can make full use of the
advantages of both algorithms, such as the simple principle
of control, convenient parameter adjustment, and easy

engineering implement. PPC algorithm designed a new
type of predictive control evaluation function based on the
MPC. At the same time, even though the MPC algorithm
has stronger robustness than PID algorithm for the parallel
robot under the condition of disturbance, there is still a
sudden change in situation. So FPC algorithm is proposed
to further improve the robustness of the parallel robot con-
trol system. Combining MPC algorithm with fuzzy control
algorithm, FPC algorithm can reduce predictive horizon
length as possible as it can and improve the real-time per-
formance of control system using fuzzy.'®'”

This article is organized as follows. The second section
introduces control design of the system, including PPC
algorithm and FPC algorithm. The third section shows the
simulation results. The final section summarizes the article.

Control design

PPC algorithm

Combining PID algorithm with MPC algorithm, PPC algo-
rithm introduces the proportional, integral, and differential
parameters by adding new object function, which makes
the controller have the structure features of proportion,
integral, and differential. The new designed controller can
adjust the parameters more conveniently, which also helps
to overcome uncertainty problem of traditional MPC algo-
rithm. Defining the future P step, PPC performance index
function of the system?*2 is as follows

minJ = i {K,[e(k + 1) + Kp[Ae(k + 1) + Kp[A2e(k + 1)]2}

Hi[u(mz (1)

Equation (1) can be written in vector form
minJ = Kre(k+ 1) e(k + 1) + KpAe(k + 1) " Ae(k + 1)
+ Kp|A%e(k + 1)]T[A%(k + 1)] + LAU (k) T AU (k)
(2)
e(k+1)=Yyk+1)—Yu(k+1) )
= Yd(k-‘r 1) — Yo(k+ 1) —@AU(]()

where Kp, K;, and K, are proportional coefficient, integral
coefficient, and differential coefficient, respectively.
Yq(k + 1) is the desired output of the system. Yo(k + 1)
is the predictive output of the future P step.

So

e(k) = Yq(k) = Yo(k) — PAU(k — 1) (4)
Ae(k+1)=elk+1)—elk) =AY (k+1)
CAYo(k + 1) — S[AU(K) — AUk — 1)]
(5)
Ae(k) = AY 4(k) — AYo(k) — P[AU(k—1) — AU (k—2)]
(6)
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Table I. Performance measurement rules.

NB NM NS Z PS PM  PB
NB 10 08 06 05 04 02 0
NM 08 06 05 04 02 0 02
NS 06 05 04 02 O 02 04
z 05 04 02 0 02 04 05
PS 04 02 0 02 04 05 06
PM 02 0 02 04 05 06 08
PB 0 02 04 05 06 08 10

A’e(k 4 1) = Ae(k + 1) — Ae(k)
=AY (k+1) = A%Yo(k+ 1)
— B[AU(k) — 24U (k — 1) + AU (k — 2)]
(7)

Let Y, =Y, — Yy, the performance index function is as
follows

J =K [Yo(k+ 1) = BAUK)| " [Yo(k + 1) — PAU(K)]
+Kp[AY (k + 1) — PA*U (k)] T[AY o(k + 1) — DAU? (k)]
+KplA2Yo(k+1) = A U (k)] T [A*Y o(k + 1) — DA U ()]
+ AU (k)" AU (k)

(3)

o _
If 557 = 0, then

Ki[—20"Y, (k+ 1) + 20TOAU (k)]
+Kp[—28TAY (k + 1) + 20TBAU (k) — 26 TBAU (k — 1))
+Kp[—20TA*Y (k + 1) + 20TBAU (k) — 40T PAU (k — 1)
+20TPAU(k — 2)] +22AU (k) = 0

©)

From equation (9), we can obtain

AU(k) = [2(Kp + K; + Kp)®T® 4 20E] ' [2(Kp + K; + Kp)® Yo (k + 1) — (2Kp + 4Kp) DY, (k)
+2Kp® Y (k — 1)+ (2Kp + 4Kp)BTPAU (k — 1) — 2Kp® " ®AU (k — 2)]

FPC algorithm

Although the parameter adjustment using PPC algorithm is
more convenient than that of MPC algorithm, the anti-
interference ability of the PPC still needs to be improved.
FPC is the combination of MPC with fuzzy control. Fuzzy
control can minimize the length of predictive time domain,
which can reduce computation, and improve the real-time
performance, tracking performance, and robustness'*'> of
the control system.

FPC controller designed in this article is mainly com-
posed of three parts. They are predictive model, perfor-
mance measurement, and control decision. The control
system of the permanent magnet synchronous motor is a
double-input and double-output system, and the prediction
model is given in the study by Shuhuan et al.* The perfor-
mance measurement is to evaluate the control effect of the
control input hypothesis and determine the control decision
based on the evaluation results. In the vector control of the
permanent magnet synchronous motor, the control input is
ug and u,. In order to evaluate the control effect of u, and
uy, 49 statements written in the rule matrix are shown in
Table 1. Its rules are written in the following form:

If E'is A; and CE is B; then P is Cj;.
where E and CE are the predictive error e(t + N) of
the system at N step and the predictive error changing
ce(t+N) of fuzzy variable, respectively. 4,,
B; € {NB,NM,NS,Z,PS,PM,PB} are fuzzy sets, and P
is performance measurement variables. C;; is a real num-
ber, which indicates the size of the performance measure-
ment value.

(10)

In this article, the membership function of the input and
output of the fuzzy controller is used in combination of
triangular with trapezoidal form. Fuzzy control system is
established according to the rules of performance measure-
ment shown in Figure 2.

Firstly, the domain of u; and u, is divided into several
subdomain, and the demarcation point is regarded as a
reference value. u;(i = 1,2, ...,1) is the reference control
value of the control domain, and u; < u;, . Each reference
value u; is substituted into the prediction model, and the
optimal control input at the current time is determined by
comparing the control effect of reference control value.

Control effect of u; and u, for output iy and i, is deter-
mined by performance measures value p, and p,. Accord-
ing to the rules of performance measurement, the smaller
Pq and p,, are, the better control effect is. uy; is one of the m
reference values in u; domain, u,; is one of the n reference
values in #; domain, and then control effect of u,; and uy;
for output iy and i, can be expressed as

(11)

where p;; and p,; are performance measures value of uy;
and u,; for output i; and i,. At current time, the best refer-
ence control ug * (¢) and u, * () can be obtained by equa-
tions (12-14)

p(i,j) = max(pdhqu)

plio,jo) = min(i,j) (i=1,2,....j=1,2,..,n) (12)
ug * (1) = ugj, (13)
ug * (1) = uy, (14)
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Figure 2. Fuzzy control system.
Assuming error and error change rate of i; and i, are  Table 2. Parameters of PMSM.
eq(t), ceq(t), e4(t), and cey(t), control input u,(¢) and u, (1) b Meam v Om
of FPC can be determined by the following method. arameter caning alue nic
If |eq(t)| < bea and |ceq(t)| < bcea, leg(t)| < by and P Ball screw 10 mm
|cey ()] < bceq» then Ks The scale factor of ball screw 5/m —
L Armature inductance 0.0027 H
ug(t) = uq(t — 1) + kileq(t) + ceq(t)] (15) R Armature resistance 1.3 Q
bn Motor pole number | —
ug(t) = ug(t — 1) + kaleg (1) + cey(1)] (16) | The inertia of motor rotor 0.00188 Kg:m?
) and lead screw
Otherwise K Torque coefficient 0.167 —
K EMF coefficient 0.2505
ug(t) = uq(t = 1) + Aifug * (1) — ua(t = 1)] (17) T\t, Inverter time constant 0.0001 s
K, Inverter control gain 443 —
g (1) = ug(t = 1) + Aafug % (1) —ug(t = )] (18) :

where 8.4, Oced, Oed, and .4 are threshold, &, &, are pro-
portional coefficient, 41, A, are constant range from [0,1],
which mainly used to adjust the change rate of the control
input in order to prevent large volatility.

In summary, the FPC steps for permanent magnet syn-
chronous motor can be summarized as follows:

1. Determine 6.4, Oced> Ocds Oceds k1, k2, A1, > and the
reference control uy;(i = 1,2, ...,m) and the refer-
ence control uy(j =1,2,...,n).

2. If |ed(t)| < bqq and |C€d(l‘)‘ < bced, |eq(t)| < 5eq
and [ce,(t)| < Oceq» control input uy(¢) and u,(z) at
current time are obtained according to equations
(15) and (16) and then go to (7), otherwise go to (3).

3. Obtain future output predictive value according to the
predictive model under reference control ug; and u,;.

4. Calculate performance measurement value p;; and
Py of ug; and uy; according to the performance mea-
surement rules.

5. Determine the optimal reference control input
ug * (¢) and u, * (¢) at current time according to
equations (12—14).

6. Calculate control input u,(#) and u,(¢) according to
equations (17) and (18).

7. Implement uy(¢) and u,(f) on the controlled
process.

8. Lett<t+1,goto(2).

Note. EMF: electromotive force; PMSM: permanent magnet synchronous
motor.

Simulation

In order to test the valid of the proposed PPC method and
FPC method, torque controller of permanent magnet syn-
chronous motor is designed. Under torque ripple and load
disturbance, the control performance of motor torque using
MPC, PPC, and FPC controllers are compared.

In this article, the parameters of the simulated motor in
the simulation are the nominal parameters of the practical
motor shown in Table 2.

The parameter of the 6-PUS/UPU parallel robot model
are shown in Table 3.

In the fixed coordinate system, the robot runs from point
A (0,0, 928.5273) to point B (—100, —100, 928.5273), then
runs from point B (—100, —100, 928.5273) to point C (100,
100, 928.5273). In the joint simulation, the trajectory plan-
ning must be carried out and ensure the speed of the initial
time and the end time are all zero, so that the acceleration of
the moving platform motion can be limited. In this article,
the cubic spline curve is used for trajectory planning. The

cubic spline curve as follows
X =ay+ait + axt* + ast® (19)

First-order derivation as equation (20)
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Table 3. Parameters of 6-PUS/UPU parallel robot model.

EN
o

Parameter Meaning Value Unit 35p---- N —ff:r—‘—MPT(L——P—I?]}/I—Pﬁ‘rff?‘f%———f%f——f% —————
30 ‘ S —— % + ———
my Moving platform weight 32.65 Kg sl . /j,,,,l,,,,l,,,,l,,,,l,,,,l,,,,l,,,,l,,,,l 77777
my Slider weight 6.4 Kg ZZzof” /7””7++7”7”” 77777
mg Link weight 5.8 Kg 2 (N ! ! ! ! ! ! ! !
L Link length 371 mm I/ e e e Al A S A
R Platform radius 500 mm I /e e e
r Moving platform radius 135 mm S/ T e e R R
0 0005 0.0 0015 002 0025 003 0035 004 0045 005
Time (s)
¥ =a +2a2t+3a3t2 (20) Figure 3. Torque tracking response curve of PMSM using MPC,

Second-order derivation as equation (21)

X = 2(12 —+ 6a3t

(21)

Due to the displacement of initial time, the speed of the
initial time and the ending time are known, so the coeffi-
cients can be obtained from equations (19-21). ay = xo,
ay =0, a; = —3ast, and a3 = @ Then, according
to the trajectory of the given moving platform, the kine-
matic inverse solution is applied to calculate the theoretical
displacement of the sliders of branches 1 to 5, and then the
dynamic driving inverse solution is used to calculate the
theoretical driving force of the redundant branches.

The predictive horizon and control horizon of the PPC
controller and the FPC controller are N, = 5 and N, = 2,
respectively. The predictive horizon and control horizon
of MPC controller are N, = 30 and N, = 5. Without inter-
ference, parameters of the PPC controller and FPC controller
are repeatedly adjusted until the torque control performance
of permanent magnet synchronous motor (PMSM) achieves
optimal. The parameters of PPC controller are
K,=2,K;=0.1,K;=0.1, and A = 0.05. The parameters
of FPC controller are g = 1, 0oy = 1, Ocea = 1, Oceg = 1,
k1 = 0.5, kz = 0.5, il = 0.05, andlz = 0.05.

All controller parameters are unchangeable, and white
noise interference with the amplitude 0.1 is added to the
5-DOF redundant actuation parallel robot. Torque tracking
effect of the PFC controller, PPC controller, and FPC con-
troller using permanent magnet synchronous motor is
shown in Figure 3. In Figure 3, the transient response of
the torque is very fast using MPC, PPC, and FPC controller;
the slope of rising is pronounced, reaching 30 N-m at 5 ms,
and the peak occurs at approximately 7.5 ms; the tracking
effect of the torque curve is stable. The motor control using
MPC, PPC, and FPC controller can overcome the torque
ripple. However, the motor torque tracking curve using
FPC controller has the minimal overshoot.

Keeping the parameters of PFC, PPC, and FPC controller
unchangeable, pulses with amplitude value 10 are added to
simulate the load disturbance of the motor at 0.025 s time. The
torque tracking effect using MPC, PPC, and FPC controller is
shown in Figure 4. In Figure 4, the transient response of the
torque is very fast using MPC, PPC, and FPC controller, the

PPC, and FPC controller with torque ripple. FPC: fuzzy model
predictive control; PPC: PID model predictive control; MPC:
Model predictive control; PID: proportional, integral, and
differential.

Time (s)

Figure 4. Torque tracking curve of PMSM using MPC, PPC, and
FPC controller with load disturbance. FPC: fuzzy model predictive

torque reaches steady state at 0.035 s. FPC controller can make
the motor with load disturbance have minimum influence and
track a given value quickly when load disturbance exists in the
motor running. However, the anti-interference ability of the
PPC controller and the MPC controller is almost same. PMSM
torque control using FPC controller can get better anti-
interference ability than MPC and PPC controller and further
improve the robustness of the system. The control perfor-
mance of PPC is the same as the MPC in the small predictive
time domain and the control time domain. The parameter
adjustment using PPC algorithm is more convenient and the
computation quantity is reduced than MPC algorithm.

FPC algorithm and PPC algorithm are used in the redun-
dant force branch of 6-PUS/UPU redundant actuation par-
allel robot. Under the same interference, the actual driving
force of each branch of the parallel robot is shown in Fig-
ures 5, 6, and 7. The error of the actual driving force of each
branch of the parallel robot is shown in Figures 8, 9, and 10.

The actual driving force curves of the redundant branch
of parallel robot using PPC controller and MPC controller
have ripple by comparing Figures 5, 6, and 7 under the
same interference. And the ripple using PPC controller
and MPC controller is almost same. However, the actual
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Figure 5. Actual driving force branch of parallel robot using MPC
with interference. MPC: Model predictive control.
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Figure 8. Each driving force branch error of the parallel robot
using MPC with interference. MPC: Model predictive control.
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Figure 6. Actual driving force branch of parallel robot using PPC
with interference. PPC: PID model predictive control; PID: pro-
portional, integral, and differential.
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Figure 7. Actual driving force branch of parallel robot using FPC
with interference. FPC: fuzzy model predictive control.

driving force curves of parallel robot using FPC algorithm
are smooth and there is no ripple. FPC algorithm used in the
driving force control of redundant branch of parallel robot
can obtain better anti-interference ability than MPC. FPC
algorithm can further improve the robustness and whole
control performance of parallel robot effectively. PPC
algorithm can obtain the same control performance as MPC
algorithm, but PPC algorithm has less calculation and bet-
ter real-time than MPC algorithm.

150

©Fl " F2 # F3 < F4 * F5 ¢ F6
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Figure 9. Each driving force branch error of the parallel robot
using PPC with interference. PPC: PID model predictive control;
PID: proportional, integral, and differential.

Torque Error (N.m)
=

b
S

i
I
|
T
!
I
-100F ------ toooooo
I
I
I
1

150
0

Figure 10. Each driving force branch error of the parallel robot
using FPC with interference. FPC: fuzzy model predictive control.

In order to quantitatively analyze the advantage of driv-
ing force control of the redundant branch of parallel robot
using FPC and MPC, the evaluation criterion of the average
amplitude error is established to analyze driving force error
of six branches of parallel robot. The evaluation criterion is
as follows

_ |E¥pc — Empc]

Iem = (22)

|E mpc|
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Table 4. Comparison of control accuracy of driving force using
FPC, PPC, and MPC.

Branch Empc (N)  Eppc (N)  Erpc (N) o (%) Iem (%)
| 5.85 5.83 5.62 0.34 393
2 21.80 21.74 21.73 0.28 0.32
3 21.62 21.53 21.53 0.42 0.42
4 17.59 17.48 17.46 0.63 0.74
5 16.36 16.29 16.25 0.43 0.67
6 461 4.60 436 0.22 5.42

FPC: fuzzy model predictive control; PPC: PID model predictive control;
MPC: Model predictive control; PID: proportional, integral, and
differential.

where E \ipc is the average error of driving force of a single
redundant branch of parallel robot using MPC, Egpc is the
average error of driving force of a single redundant branch
of parallel robot using FPC, and I\ is the improvement
quantity of control accuracy of the driving force comparing
FPC with MPC. Similarly, driving force error of each
branch of parallel robot using PPC and MPC is compared.
Eppc is the average error of driving force of a single redun-
dant branch of parallel robot using FPC and Ipy is the
improvement quantity of control accuracy of the driving
force comparing PPC with MPC. The control accuracy of
driving force of each branch of parallel robot using MPC,
PPC, and FPC controllers is shown in Table 4.

In Table 4, under interference, the average error of driv-
ing force of six redundant branches of parallel robot using
MPC is 14.64, the average error of driving force of six
redundant branches of parallel robot using PPC is 14.58,
and the average error of driving force of six redundant
branches of parallel robot using FPC is 14.49. The
improvement quantity of control accuracy of the driving
force comparing PPC with MPC is 0.41% and the improve-
ment quantity of control accuracy of the driving force com-
paring FPC with MPC is 1.0%. The control performance of
the driving force of the redundant branch of parallel robot
has been significantly improved using FPC under interfer-
ence. And the control performance of the driving force
using PPC is also improved. But the improvement quantity
of control accuracy of the driving force using FPC is better
than that of PPC.

Based on the above analysis, FPC controller can
improve the robustness and control performance of the
driving force of the parallel robot system greatly. The con-
trol performance of PPC controller and the MPC controller
is almost same. The parameters using PPC method are
adjusted by PID, which makes controller adjustment con-
venient and reduces computation.

Conclusion

In this article, two improved control methods—PPC and
FPC are proposed in order to improve the application of
the MPC algorithm in the control of parallel robot. PPC

controller and the FPC controller are designed, respec-
tively. MPC method and the two proposed PPC and FPC
method are compared by simulation. PPC algorithm has the
advantages of PID algorithm and MPC algorithm. PPC
algorithm can still obtain satisfied control result in narrow
control time domain and predictive time domain by intro-
ducing the PID parameters Kp, K;, and Kp. It can reduce
tremendous computation and improve the real-time of the
system. The FPC algorithm combining the fuzzy theory
with the MPC can reduce the dependency of the system
on the model and further improve the robustness of the
parallel robot. The above experiment was completed in the
simulation environment, we will do the experiments in the
next step.
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