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ABSTRACT In order to solve the problem of the strict condition of traditional saturation function,
a new generalized saturation function was proposed and applied in nonlinear PID (Proportion-Integration-
Differentiation) control laws, which consisted of linear D 4+ nonlinear PI and linear PD + nonlinear PI. The
new generalized saturation function has powerful reaction near the equilibrium point, and has the capability
to make the control converge to the equilibrium point swiftly. The global asymptotic stability condition
of nonlinear PID control laws were derived by employing Lyapunov’s method and LaSalle’s invariance
principle. In order to improve the accuracy of nonlinear PID control laws, time integration of the absolute
value of position tracking error and time integration of the absolute value of torque error were chosen as the
objective functions. Global asymptotic stability conditions and rated driving torque of each motor were set
as the constraint conditions. Nonlinear PID controller parameters were tuned by employing multi-objective
genetic algorithm, non-dominated sorted genetic algorithm-II (NSGA-II). Compared with the optimization
results of nonlinear PID with traditional saturation function, the accuracy of position tracking using the
proposed method was improved by nearly one order of magnitude. The new generalized saturation functions
with minimum time integration of position tracking error were selected to study the robustness of the
nonlinear PID controller in modeling uncertainty, input torque disturbance, and noise. The position tracking
accuracy of the proposed method compared to those of the traditional PID controller and nonlinear PID
controller with traditional saturation function was improved by nearly two orders of magnitude and one
order of magnitude, respectively. The introduced saturation function significantly improves position tracking
accuracy and robustness of the nonlinear PID controller.

INDEX TERMS Nonlinear PID, saturation function, global asymptotic stability, robust.

I. INTRODUCTION

In recent years, many complex control strategies have been
proposed in the literature. However, PID control is still
widely employed in actual robot control because of its sim-
ple structure, small amount of calculation, and good real-
time performance [1]. Classical linear PID controllers do
not demonstrate global stability. Enhanced versions of PID
controllers, by applying nonlinear saturation function, have
been put forward to ensure global stability. Alvarez-Ramirez
proved the semi-global stability of saturated linear PID when
there were adequate large proportional, enough small inte-
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gral, and torque bounds larger than gravitational torques [2],
[3]. Ortega proposed a semi-globally stable output-feedback
PI’D regulator, where the main contribution was to avoid the
need for gravity forces information via the inclusion of two
integral terms around the position error, and the filtered posi-
tion [4]. In addition, Liu introduced a semi-globally stable
PD-1(PD) regulator [5]. Nonlinear saturation functions were
not in the above semi-globally stable PID controllers. PD
control law along with a class of nonlinear integral actions,
proposed by Kelly, was globally asymptotically stable [6].
Gorez introduced PID-like control to achieve global asymp-
totic stability (GAS) of the desired steady state configuration
of mechanical system with actuator constraints [7]. Glob-
ally stabilizing PID-type control scheme with a generalized
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saturating structure and constrained inputs was proposed by
Mendoza et al. [8], [9]. Santibanez proposed a saturated
nonlinear PID control for industrial robot manipulators by
taking the natural saturation problem into consideration [10].
Furthermore, Zavalario proposed a natural saturated exten-
sion of PD with desired gravity compensation control law
and constrained input that was globally asymptotically sta-
ble [11], [12]. Then, an output-feedback PID with multiple
saturating structures and constrained inputs guaranteed the
global stability [13]. Salinas put forward a family of locally
asymptotically stable nonlinear PID control law, where sta-
bility conditions were independent of the saturation levels
of actuators [14]. In addition, Yarza introduced a nonlinear
PID controller with bounded torques using a single saturation
function that was globally asymptotically stable [15]. Liu
proposed a set of globally stable output-feedback N-PID con-
trol laws that were dealing with the position control problem
of designing asymptotically stable proportional plus integral
regulators with only position feedback [16]. A saturated PID
control was raised to address the global asymptotic regulation
of robot under input constraints, both with and without veloc-
ity measurement by Su [17]. In order to ensure the stability
of the PID control laws, there are nonlinear saturation terms.
However, definition of the saturation function is strict. In this
study, a new generalized saturation function with smaller con-
straints is proposed, and can be used to prove the stability of
nonlinear PID control law. At the same time, the generalized
saturation function is useful in improving the precision of the
PID control law.

PID parameters tuning affects the accuracy of PID control
law. Killingsworth proposed extremum seeking for tuning
PID controllers by minimizing a cost function characteriz-
ing the desired behavior of the closed-loop system; how-
ever, extremum seeking required initial values [18]. Duan
put forward the ant colony algorithm to tune nonlinear PID
parameters [19]. Li raised a robust PID tuning method based
on nonlinear optimization with specified gain and phase
margins [20]. A multi-crossover genetic approach for tun-
ing multivariable PID controllers was proposed by Chang
[21]. Multi-objective PID parameters tuning for a flexible
AC transmission system (FACTS)-based damping stabilizer
using NSGA-II was raised by Panda [22]. A tuning method
based on fruit fly optimization algorithm was proposed to
optimize PID controller parameters by Han et al. [23]. Also,
Sun proposed a PID parameters tuning strategy based on
dynamic stiffness for the radial active magnetic bearing [24].
Further, Khodja used particle swarm optimization to tune
PID attitude stabilization of a quadrotor [25]. Leva raised the
explicit model-based real PID tuning for efficient load dis-
turbance rejection [26]. A mean for PID tuning based on the
neutrosophic similarity measure was introduced by Can and
Ozguven [27]. Interactive tool for frequency domain tuning
of PID controllers was put forward by Garrido et al. [28]. A
practical interactive PID tuning method for mechanical sys-
tems using parameter chart was proposed by Kang et al. [29].
In summary, the intelligent optimization algorithms were
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utilized to tuning PID parameters. However, GAS constraints
are not taken into account in PID parameter tuning. In this
research work, under the constraint of GAS and rated driving
torque of each motor, the time integration of the absolute
value of position tracking error and time integration of the
absolute value of input torque error are chosen as the objective
functions and NSGA-II is employed to realize the tuning of
global asymptotic stable PID parameters.

The report is organized as follows: Section II introduces
preliminaries. Section III solves stability analysis of nonlin-
ear PID control. Parameters tuning of nonlinear PID control
laws are presented in Section IV. Section V. discusses the
robustness analysis of nonlinear PID. Finally, Section VI
concludes the paper.

Il. PRELIMINARIES
A. DEFINITION OF A NEW SATURATION FUNCTION
Definition 1 [30] Given positive constants L and M, with
L<M, a function o (x; L, M): R—R: x — o (x; L, M) is said
to be a linear saturation function if o (x; L, M) is continuously
non-monotone decreasing and satisfies (1). o (x; L, M) is said
to be a simple linear saturation function if o (x; L, M) satisfies
(2).
(I)xo(x) > 0 when x # 0;
(2)o(x) = x when |x| <L;
3)|lo(x)] < M whenx € R €))
(D) xo(x) > 0 when x # 0O;
(2)o(x) = x when |x| <L;
(3)lo(x)| = M when [x| > M 2)
Definition 2 [6]: Given positive constants « and 8, with
0< a <1,f(x)=[f(x1)f (x2) "f (xa)]T, when x €R", a function
Jx):R—>R:x — f(x)is said to be a saturation function if f (x)
is a continuously differentiable function and satisfies:
(D x> ) =alx], Vxe R:lx|<p;
@) B=fx)=aB, VxeR:|x|>=p;
(3) 1 = (df(x)/dx) =0 3
Definition 3 [12]: Given positive constant F, a function
8(x): R—>R: x — §(x) is said to be a bounded generalized
saturation function if §(x) is a continuous monotone increas-
ing function and satisfies:
(1) x6(x) > Owhenx #0, x € R;
(2) |6 (x)] < Fwhenx € R “4)
The definition 1, 2, and 3 can be summarized as: Given
positive constant My, a function 81(x) : R—>R: x +— §1(x)
is said to be a generalized saturation function if 81(x) is a
continuously differentiable function and satisfies:
(1) x61 (x) > Owhenx # 0, x € R;
2) 161 (x)] < M| whenx € R 5)
I'2(x) (x eR™) denotes the set of all continuously differen-
tiable functions: T2 (x)=[81(x1)81(x2) - - - 81 (xn)]T.
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FIGURE 1. The difference between the generalized saturation y = I', (x)
and the new generalized saturation y = I'; (x).

The above saturation function definition conditions are
more rigorous. A new generation of saturation function is
given as follows:

Definition 4: Given a positive constant M, a function
82(x): R—>R: x + &a(x) is said to be a new generalized
saturation function if §>(x) is a bound function with only point
&, 82 (§) = 0 and satisfies:

(1) x62 (x) > Owhenx #0, x €R;
2) 162 (x)] < M| whenx € R (6)

I'i1(x) (x € R™) denotes the set of all functions: I'j(x) =
[82(x1)82(x2) - - - 82 (xn)]T.

The definition 4 of the generalized saturation function
consists of definitions 1, 2, and 3 of saturation functions.
Definitions 1, 2, and 3 of saturation functions are special
forms of definition 4 when the coefficient of sign function
is zero. The functions y = I'1(x) and y = I'2(x) are shown
in Figure 1. The relationship between y = I'j(x) and y
= I'2(x) can be expressed as I'1(x) = [2(x + usign(x)).
Compared with definitions 1, 2, and 3 of saturation function,
the new definition of saturation function has a strong reaction
near the equilibrium point and the error can converge to the
equilibrium point faster, under the PID control law.

B. PROBLEM FORMULATION
The dynamic system of an n-link rigid robot manipulator
system [31] can be written as

M(@)g+Clq,9)g+Dg+glq =t 7

where ¢, ¢, § € R" is nx1 vector of joint displacements,
velocity, and acceleration, T €R" is nx 1 vector of applied
joint torques, M(q) is n X n symmetric positive inertia matrix,
C(q, ¢) is the nxn matrix of centripetal and coriolis torques,
D is the n x n positive define diagonal friction matrix, g(q) is
nx 1 vector of gravitational torques.

Property I: The inertia matrix M(q) is a symmetric positive
definite matrix.

Property 2:q [O 5M (q) — C(q, q)]q =0, forallg, g €

R*and M (9) =C(q.9) +C@q. 9"

Property 3: There exists a positive constant kc; such that
IC (g, x)yll < kcrlxIlllyll ¥gq, x, y € R™.

In order to facilitate subsequent proof, the integrals of y
= I'1(x) and y = I'>(x) are studied. When x € [0, Ag;], T'1(X)
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FIGURE 2. The new generalized saturated function y = I'1(x).
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FIGURE 3. The saturated function y = I'2(x).
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> nix, n; €00, T'1(x)/Ag;), n; is chosen to ensure that I'1(x)
> n;x as shown in Figure 2. Integrating y = I'1(x) provides:

" b " pAg "
> [ rieoar = 30 [ e = Y- 05m (da?
i=1 70 =170 i=1
= 0.5A¢ " nAq (8)

Function y = I'>(x) is shown in Figure 3, when x € [ rj41]

3=12,..,10 =0, aj(x-rj) < I'a(x) < Bj(x —rj), [0 Agi] = [0
r2JU[ra r3]Ulrsra] U [rars] ... [rj Agi]. Integrating y = I'2(x)
gives:

n Ag; n r r3
> rz(x)dx=2</ R+ [T
i=1 70 i=1 0 r2

T4 Agi
+/ Fz(x)+~-~+/ Fz(x)>dx

J

n rn 3
ZZ(/O a1x+/r2 a (x — 1)

r4
+[ @ (x = 13) + o
i

3

+[r.Aql‘ aj(x — rj)>dx

. J
= Z (0.50{1r22 + 0.5 (r3 — 12)?
i=1
+0.5a3 (rg — 1’3)2 + -
+0.50; (Agi - 1)°)
n
> 20.505]' (Aqi - I’j)2 ©)
i=1
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where, rjj is the corresponding x value of the minimum of y
= IN(x), i = min(T2(rip))/(rii — i), x €[ri00).

As shown in Figure 3, when x €[T"2(x)/8j+r1j, I'2(X)/Bj+1+
riv1l, i =12,...,r0 =0, aj(x — 1)) < Ta(x)< Bj(x — 1y,
yields:

T (AQ M () T2 (Aq)

< ) T2 (Ag) max [M(@)] T2 (Agy)
i=1

<Z (Agi—

)»max (ﬂj) Amax 1M (@)]] Amax (ﬂj) (A%_rj)

(10)
As shown in Figure 3, Ag = g4 — ¢ = —¢q, yields:

. AT . =T . .
—(F2(A@) Ag) M(@q=T; (Ag)§"M(g)q
= "IT)&max()/j) Amax M (@)l g (11)
where Amax(y}) is the maximum derivative of y = I'>(x).

AsT> (Aq) <M, T2 (Ag)|l < /nM; can be deduced,
yields:

—T1 (Ag) Cg. 9§ < vaM,Cwm lIgII (12)

where M is the maximum of the saturated function y =
['>(x). Cy is a positive constant.

IIl. STABILITY ANALYSIS OF NONLINEAR PID CONTROL
A. STABILITY ANALYSIS OF LINEAR D + NONLINEAR PI
The control law can be written as
t
7 =Kpl'i(Ag) + KpAg + K, / I (Aq(o))do  (13)
0
where Kp, Kp, and Kj are suitable positive definite diagonal
nxn matrices, ¢ = gq — ¢ is the position errors vector.
The following vector is introduced as follows:

t
2 () = / T2(Aq (0))do — K 'g(g) (14)
0

where g(qq) is the desired gravity torque vector.
By substituting (13) and (14) into the robot dynamics (7),
we obtain

M(q)q + C(q, 9q + Dq + g(q)—g(q,)
—KpT 1 (Aq) —K;z—KpAg=0 (15)

The state-space formulation of the equation (15) can be
expressed as

d Agq
- q
dt z
—q
- KpI'1 (Agq)
M)~ g(qd) g(q)'+ Pl (A ‘ 16
@ +K1z—KDq—C(q,q)q—Dq (16)
I'; (Ag)
210516

The equation (16) is an autonomous nonlinear differential
equation. The vector [Ag”§”z" ] is the equilibrium point of

equation (16) if

Aq

d g | =0 (17)

dr

Based on (16) and (17), ¢ = 0, T (Aq) = 0. Base on
the definition of I'>(x), =0 can be obtained. Based on the
equations § = 0, Ag = 0, and Equation (18) can be obtained
as follow:

—8g(@) +Kpl'y (Aq) + K1z
—Kpg—C(q,.9)g—Dg=0 (18)

z =0 can be obtained. The equilibrium point is
[AqTquT] =0.

Theorem For the nonlinear robot system defined by (7),
the state feedback NPDNI controller as defined (13) is
adopted, there exist enough small positive constants a, and the
Kp, Kp, and K are appropriately selected and the inequalities
(19)~(22) are satisfied, the closed-loop system is globally
asymptotically stable, i. e. tl_1>ngo Aq = 0.

g(qq)

Amin (aj) (Kp + D)

> 2Amax (,8/) Amax |M (@) Amax (,3/) 1 (19)
1
U~ Ulgy) + Aq"g (40) + 584" (Ken — K1) Ag
> allAgl? (20)
I7 (Aq) (g(qy) —g(q) + KTy (Ag) — K1Aq)
> a|| T2 (Ag)l? 1)

Kp +D > Aax (1) max IM(@IIT + /nM;Cyl (22)

Proof: The Lyapunov function candidate is proposed as
follows:

ol , -
V=24'M@i—T;A)M @i +U (@ —U (40)

1 " A
+Aq"g(q0) — 500" KiAg+ ) / Iy (x) Kpidx;
2 i=1 70
n Agi
+> f I (x) (Kpi + Dy)dx;
i=1 70
1
+3 @+ AT K1z + Aq) (23)

where Kp;j, Kp; and D; are the ith diagonal element of Kp, Kp
and D.

Based on (9), the following inequalities equation can be
obtained as follows:

> [
i=1 70

' (x) (Kpi + D;)dx

n
> Y 0.50; (Agi — 1)’ (Kpi + D) (24)
i=1

where o; satisfies 0 < o; < I'» (qu)/qu.
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Based on (8), the following inequalities equation can be
obtained as follows:

Agi 1 -
Iy (x) Kpidx; — EAq KiAq

Agi
Z / Kpinixdx

1 1
—5Aq"KiAg = 5 Z AgiKpiniAg; — 5 Mg Kidg
i=1

v

1
EAqT (Kpn — K1) Aq (25)
where 7 satisfies 0 < n; < I'; (Aqi)/ACIi-

Based on (10) and (24), the following inequalities can be
obtained as follows:

I-T . T .
14 M@q—T; (AqpM(q)q
3|

i=1 70

n Agi
-y /O [ () (Kpi + D)dx—T7 (Ag) M@T (Ag)

Agi
I (x) (Kpi + D;)dx

1
+3 (¢ — 2T (Aq)" M(q) (§ —2T2 (Ag))

. 3 ((0:5min (o) (Kpi + D)) )
= Z (Agi = 1) (—Amax (8)) 2max IM (@)l Amax (B;)

X (Aqi — rj) (26)

By substltutlng inequalities (25) and (26) into (23), when
[AqT ] # 0, we get

1
V= 2i"M@i+ (U@ - U + Ad'g ()
+> /
i=1 70

+ l'TM( 7+ T (Ag)M(g)d
14 g+ T (Ag M(q)q

n Agi
<3 [ T +D,~>dx>
i=1 70

1
+5 @+ AQT K1 (z+ Aq) > allT2 (Ag)|?

Agi 1
'y (x) Kpidx; — EAq KiAq

1
+5 @+ AQT K1z + Aq)
+ Z (Agi — r7) (0.5Xmin (o)) (Kpi + Dy)
i=1
— (Romax (8)) Amax IM (@] max (8))) (Agi — 7)) > 0
27)

Therefore, the Lyapunov function defined by (23) is the

positive definite, when [AqTquT] — o0, V — oco.
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The time derivative of (23) along the closed-loop system
(15) results in

: 1 T A . . T . - AT .
V=34 M@i+q M@y - (T2 (Ag) Aq)” M(g)q
+4¢"g(q) — T (A M(@)§ + A" g (q4)
+Aq"KpT| (Aq) — TT (AqQ) M(g)q
+A¢" (Kp +D)T> (Ag) — A" K1Aq
+ CZ+ADT K1z + Ag) (28)

By substituting (14) and (15) into (28), we obtain

V=—"D+Kp)q— (F2(Ag A§)" M(g)g
-T1(Aq) C(g, g — T3 (Ag) (2(g9) — £(@)
+ KpT' (Agq) — K1AQ) (29)

By substituting (11) and (12) into (29), we obtain

4 = —dT [KD + D — Amax (V]) Amax |M (@)II 1
— /nMCwl ¢ — a T2 (Ag)|1? (30)

Based on inequality (21) and (22) a >0, the conclusion that
V < 0 can be obtained. In fact V = 0 means Aq = 0 and
q = 0. Based LaSalle’s invariance principle, it is easy to know
that (Aq =0, ¢ = 0) is the global asymptotic equilibrium
position.

B. STABILITY ANALYSIS OF LINEAR PD + NONLINEAR PI
The control law can be written as

T = Kpl'1 (Aq) + KpAg + / [K1pI'2 (Ag (o))

0
+KipAg (o)]ldo €1y

where Kp, Kp, Kip, and Kip are suitable positive definite
diagonal nxn matrices.
The following vector is introduced as follows:

t

z (1) = Agq + / T2 (Aq(0)do —Kpp'g(qq) (32)
0

By substituting (31) and (32) into the robot dynamics (7),
we obtain

M(q)q + C(q,9)q +Dq + g(q)—g(qq) — KprI'1 (Ag)
— (Kip—Kip) Aq—Kipz —KpAg=0 (33)

The state-space formulation of the equation (33) can be
expressed as

a |
E q

V4

—q
_ | Mg (g(qd)—g<q>+ KpT1 (Aq) +K1z—KDq)
+ (Ko — K1p) Aq — C(q, 9)qg — Dq
—q+T1(Aq)
34
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The equation (34) is an autonomous nonlinear differential
equation. The vector [Ag”¢”z" | is the equilibrium point of

equation (34) if

Agq

d .
g | =0 (35)

dt

Based on (34) and (35),¢ = 0, I'> (Ag) — ¢ = 0. Base on
the definition of I'>(x), ¢ = 0 can be obtained. Based on the
equations ¢ = 0, Ag = 0, and Equation (36) can be obtained
as follow:

8(qy) —8(q) +KpI'1 (Aq) + Kz — Kpg
+Kpp—Kip) Aq—C(q,4)g —Dqg=0 (36)

z =0 can be obtained. The equilibrium point is
[ q" quT] —0.

Theorem For the nonlinear robot system defined by (7),
the state feedback NPPDNI controller as defined (31) is
adopted, there exist enough small positive constants a, and
the Kp, Kp, Kip, and Kjp are appropriately selected and the
inequalities (37)~(40) are satisfied, the closed-loop system is
globally asymptotically stable, i. e. tl_l)rgo Aq = 0.

Amin (Olj) (Kp + D)

> 2hmax (/31) Amax |M (@)l Amax (/3]) 1 (37)
1
U(g) — Ulgy) + EAqT (Kpn + Kip — Kip) Aq
+Aq"g (qq) = allAgl? (38)
T2 (Aq)" (g(gq) — g(q) + KpT'1(Ag))
+T2(Ag)" (Kip — Kip)Ag > a[T2(A)I> (39)
Kp+D
> Amax (7/1) Amax IM (@I T + /nMCypl (40)

Proof: The Lyapunov function candidate is proposed as
follows:

_l.T ._ T - _
V=c-¢M@q—Tr(Ap"M(g)q+U(g) —U (qq)

2
1 1

+Aq"g (9q) + EZTKIPZ + EAqT (Kip — K1p) Aq
n Agi

+ Z/ Ty (x) Kpidx
— Jo
l” Agi

#30 [ T2 00 (Koi+ D (1)
i=1 70

where Kpj, Kp; and D; are the ith diagonal element of Kp, Kp
and D.

Based on (9), the following inequalities equation can be
obtained as follows:

n Ag;
3 fo [ () (K + Di)dx
i=1

n
> ) 0.5q; (Agi — r)’ (Kpi+Di)  (42)
i=1

where o; satisfies 0 < o < I'y (qu)/qu.
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Based on (10) and (42), the following inequalities can be
obtained as follows:

l'TM( i —TL (AqQ)M (9) 4
24 Dq—T) (ApQM (@ q

n Agi
+ > | T2(x) (Kpi+ Dy)dx
i=1 70

_ ; /0
76— 202 (8g)" M) (i - 27 (Ag)

= Z ACIl -
— Z (Agi —

(Aqi ) (43)
By substltutmg inequalities (42) and (43) into (41), when
[AqTq" T] # 0, we get

n

V= = (86— 1) (tmax (8) Amax IM@ hnax (85))

i=1

Agi
T2 (x) (Kp; + Dy)dx =T (Aq) M(g)T> (Aq)

(05h0in a) (i + D) (301 1)

)»max (ﬂj) Amax 1M (@) Amax (ﬂj))

1
x (Agi— 1)) + EZTKIPZ + (U(g) — U(qy)

1
+Aq"g (gq) + EA‘IT (Kpn+Kip —K;p) A¢1>

+ > (Agi — 17) (0.5Amin () (Kni + Di)) (Agi — 1)
i=1

1., .
+Zq M(q)q

> Z Agi —
—Z:(Afﬁ—rj) (2

) (0-Shmin (o) (K + D) (Agi — 1))

max (ﬂ]) Amax 1M (@) Amax (ﬂ]))

x (Agi — 1))
+1'TM 7 1TK I2(Ag)|? > 0 44
14 (q)q+2z w1z +alTC2(Ag)|” > 44)

Therefore, the Lyapunov function defined by (41) is the
positive definite. When [Ag”¢"z"] — oo, V — oo.

The time derivative of (41) along the closed-loop system
(33) results in

. 1 . .
V=-d™@q+i™@i—(T2(09) A8) M () g

2
TAQM (@) q-TT(AQM ()i +4"g (g)
—~A§"g(qq) - +d"(Kip — Kip)Ag + A¢" (Kip
+D)T2(Aq) + 2 Kipz + AG'KpTy (Aq)  (45)
By substituting (32) and (33) into (45), we obtain
3 . . . AT .
V=—¢"(D+Kp)q— (F2(Aq) A§) M(g)q
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FIGURE 4. The 3D model of robot arm.

— T (Aq) C(q. g — T (Ag) (g(qq) — &(@))
— T} (Aq) (KpT1(Aq) + (Kip — Kip)Ag)  (46)

By substituting (11) and (12) into (46), we obtain

14 = —QT [KD + D — Amax (V]) Amax 1M ()| 1
— V/nMiCml ¢ — a T2 (Ag) |12 47)

Based on inequality(39) and (40), a>0, the conclusion that
V < 0 can be obtained. In fact V = 0 means Agq = 0 and
q = 0. Based LaSalle’s invariance principle, it is easy to know
that (Aqg =0, ¢ = 0) is the global asymptotic equilibrium
position.

IV. PARAMETERS TUNING OF NONLINEAR PID

The robot arm [32] used in the simulation is shown in Fig-
ure 4, which has three degrees of freedom (DOF) with two
rotational DOFs and one translational DOF. The dynamics of
the robot arm can be expressed by(7).

The simulation results are employed to verify the correct-
ness of the dynamic equation [33]. The first simulation was
conducted based on (7) and an M-file was developed in Mat-
lab software package. The second simulation was carried out
using the Sim-Mechanics toolbox of Matlab. The trajectory
planning used in the simulation is expressed by (48). Two
simulation results are shown in Figure 5 (a) and 5 (b). The
comparison between two simulation results are demonstrated
in Figure 5 (c). As it can be seen, the difference between the
two results is less than 0.003. Therefore, correctness of the
dynamic model is verified.

601 = 0.47sin(0.47ct), 6o = —1.4sin(0.47 — t0.57 — )1.4,
d = 0.075sin(0.4rt — 0.57) 4+ 0.075 (48)

PID control is the most widely applied in engineering.
The PID parameter tuning is the main key issue. The multi-
objective optimization based on NSGA-II is applied in this
paper. The integration of the absolute value of error (IAE)
between the desired and actual trajectory, and IAE between
the desired and actual drive torque are chosen as the optimal
objective functions as shown in (49). Taking the small mass of
the third translational joint of the robot arm and simplifying
calculation into consideration, the three DOFs of robot arm is
simplified to two DOFs, the third joint is set the most extreme
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case, that is, the output torque of the second joint is the largest.

2 T 2 T
A=Y /O Agoldr =Y /0 AuOldr (49)
i=1 i=1

where g;i(t) is the error between the desired and actual trajec-
tory, wi(t) is the error between the desired and actual drive
torque.

The simulation trajectory [34] is defined by a quintic poly-
nomial shown in (50). When t = 2s, 64; =1rad, 63, = 2rad,
wd1l = wqy = Orad/s. When t = 4s, 63; = 0.5rad, 64, = 4rad,
wdl = wqp = Orad/s.

04, (1) = ap + ait + ast® + ast® + ast* + ast® j=12
(50)

Based on the definition of the general saturation function
['>(x), the corresponding general saturation functions of (51)
(I'2(x)) are expressed by (52) (I'1 (x)).

ko when x > ay
y1(x) = ki tanh(x) y2(x) = { kpx
—ky  when x < —ay

others

X
l—e x>0
y3(x) = X,
—1+eex <0
ka when x > 0.5
y4(x) = { kg sin(x) others 5D
—ky when x < —0.57
y11(x) = kj tanh(x + sign(x)d11),
ky when x > a; — 82
y22(x) = { ko (x + sign(x)82) others
—k> when x < —aj + 62
+ sign(x)é
- _ e_(x gn(x) 4)/5)6 >0
3= + sign(x)3
—1+ex gn(x) 4/<’:"x<0
kq when x > 0.5m — 8§33
YVaa(x) = { kg sin(x + sign(x)833) others
—ky when x < —0.57 + 833
(52)

In order to evaluate the role of the proposed general satura-
tion function (I"1(x)) in nonlinear PID control, the parameters
tuning of nonlinear PID with common saturation function
depicted by (51), and nonlinear PID with the proposed gen-
eral saturation function defined by (52) are achieved, respec-
tively. Firstly, the overall optimization results are compared in
the tuning results, that is, the control performances (f; and f>)
are affected by the two different saturation functions. Second,
the compromise results are chosen for comparison. The defi-
nition of the compromise solution is shown in Figure 6 [35].
The compromise solution is the point of minimum distance
from the optimized solution to the utopia solution.

210519



IEEE Access

G. Niu, C. Qu: Global Asymptotic Nonlinear PID Control With a New Generalized Saturation Function

a0 . 10 40 - 10 %10 i
—Joint 1 —Joint 1 —loint |
- -Joint 2 — --Joint 2
= -~ )
= 20 - g 20f--Joint 3 - = 1»
z z Z z 2 q° =
b e P o g
2 ] z e 2 3
0 2 Z OO0~ 7 £ Z . 0 g
2 o = -7 g 2 N 2
2 -z v £ 2 AR
& 20} a E20fA A = 28
40 . . - =40 " - -10 H 4
0 2 Fimes 8 10 0 2 ime (of 8 16 0 Yime (5 8 10

(a)The simulation results based on (7)

(b) The simulation results in SimMechanics

FIGURE 5. The simulation results of remote center motion mechanism dynamic.

Pareto solution
/ @ Feasible solution

Utapia

FIGURE 6. The definition of Utopia, Pareto, compromise Pareto front and
feasible solution.

A. PARAMETERS TUNING OF LINEAR D + NONLINEAR PI
There are two constraints: GAS conditions are expressed by
(19) ~ (22) and the drive torques are less than motor rated
output torques that the first and second joints are 0.18Nm and
0.05Nm.

The parameters tuning of nonlinear PID with saturation
function defined by (51) and (52) are achieved by the NSGA-
II. The eight groups of Pareto solutions are shown in Figure 7.
By comparing (a) and (b), (c) and (d), (e) and (f), (g) and
(h), it can be concluded that the trajectory tracking accu-
racy and the torque output accuracy of the NPDNI control
law with the saturation functions defined by (52) have been
improved. The Utopia solutions of NPDNI control law with
saturation defined by (51) and (52) after optimization are
shown in Table 1. It can be concluded that the control effect
of the NPDNI control law with saturation function defined
by (52) is better than that of the NPDNI control law with
saturation function defined by (51). The errors between the
desired output torque and actual output torque with saturation
function defined by (52) are less than that with saturation
function defined by(51). Compared with the trajectory track-
ing accuracy with saturation function defined by (51), the
trajectory tracking accuracy with saturation function defined
by (52) is improved by nearly an order of magnitude. In order
to study the robustness of the NPDNI control law, four groups
of compromise solutions shown in TABLE 2 are compared.
Taking the importance of the trajectory tracking in practical
application, a group (yi1) with high trajectory accuracy is
selected to study its robustness.

B. PARAMETERS TUNING OF LINEAR PD + NONLINEAR PI
There are two constraints: GAS conditions are expressed by
(37) ~ (40) and the drive torques are less than motor rated
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FIGURE 7. The optimized result of the NPDNI control law.

output torques that the first and second joints are 0.18Nm and
0.05Nm.

The parameters tuning of nonlinear PID with saturation
function defined by (51) and (52) are achieved by the
NSGA-II. The eight groups of Pareto solutions are shown
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TABLE 1. The Utopia points of NPDNI control law with saturation defined

by (51) and (52) after optimization.

Y1 Yii Y2 Y22
Simin 3.66E-3 1.38E-4 4.80E-3 1.89E-4
Somin 3.9E-4 2.40E-4 3.90E-4 2.67E-4

b\ Y33 Y4 Yas
Simin 3.86E-3 1.38E-4 3.66E-4 1.43E-4
fomin 3.97E-4 2.39E-4 3.9E-4 2.4E-4

TABLE 2. The compromise points of NPDNI control law with saturation

defined by (51) and (52) after optimization.

M Yu Y2 Y22
fl 3.82E-3 2.05E-4 4.11E-3 2.85E-4
f2 4.73E-4 2.95E-4 4.34E-4 3.05E-4

Y3 Y33 Ya Va4
fl 3.90E-3 2.07E-4 3.82E-3 2.08E-4
f2 4.53E-4 2.89E-4 4.75E-4 2.89E-4

TABLE 3. The Utopia points of NPPDNI control law with saturation

defined by (51) and (52) after optimization.

Y yu y2 Y22
Jimin 3.33E-3 1.20E-4 1.15E-3 1.02E-4
Somin 3.38E-4 2.12E-4 9.24E-5 1.25E-4

y3 ¥33 Ya Yaa
Simin 2.28E-3 1.48E-4 1.68E-3 1.02E-4
Somin 3.59E-4 2.36E-4 1.38E-4 1.29E-4

in Figure 8. By comparing (a) and (b), (c) and (d), (e)
and (f), (g) and (h), it can be concluded that the trajectory
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tracking accuracy and the torque output accuracy of the
NPPDNI control law with the saturation functions defined by
(52) have been improved. The Utopia solutions of NPPDNI
control law with saturation defined by (51) and (52) after
optimization are shown in Table 3 It can be concluded that
the control effect of the NPPDNI control law with saturation
function defined by (52) is better than that of the NPPDNI
control law with saturation function defined by (51). The
errors between the desired output torque and actual output
torque with saturation function defined by (52) are less than
that with saturation function defined by (51). Compared
with the trajectory tracking accuracy with saturation func-
tion defined by (51), the trajectory tracking accuracy with
saturation function defined by (52) is improved by nearly an
order of magnitude. In order to study the robustness of the
NPPDNI control law, four groups of compromise solutions
shown in TABLE 4 are compared. Taking the importance
of the trajectory tracking in practical application, a group
(y44) with high trajectory accuracy is selected to study its
robustness.
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FIGURE 8. The optimized result of the NPPDNI control law.

TABLE 4. The compromise points of NPPDNI control law with saturation
defined by (51) and (52) after optimization.

yi yu Y2 Y22
fi 3.41E-3 1.91E-4 1.15E-3 1.53E-4
f 4.31E-4 2.53E-4 9.6E-5 1.91E-4
Y3 NEX) Y4 Yaa
S 2.28E-3 2.09E-4 1.68E-3 1.16E-04
S 3.80E-4 2.92E-4 1.40E-4 2.32E-4

V. ROBUSTNESS ANALYSIS OF NONLINEAR PID

In order to compare the robustness of the traditional PID
control law, nonlinear PID control law with saturation func-
tions defined by (51), and nonlinear PID control law with
saturation function defined by (52), the effects of the model
uncertainty, input torque disturbance and noise on the integra-
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FIGURE 9. The simulation diagram.

tion of the absolute value of the trajectory tracking errors and
torque output errors are studied. The simulation schematic
diagram is shown in Figure 9.

The model uncertainty is set as: the mass of link 1 and
link 2 increases by 5%, 10%, 15%, 20%, 25%, 30%,
35%, 40%, 45%, and 50%, respectively, and the mass of
link1 and link 2 increase by 5%, 10%, 15%, 20%, 25%,
30%, 35%, 40%, 45%, and 50% at the same time. The
input disturbance torque is set as: the joint 1 and joint 2 are
disturbed by 2.5sin(50t), 5sin(50t), 7.5sin(50t), 10sin(50¢),
12.5sin(50t), 15sin(50t), 17.5sin(50t), 20sin(50t), 22.5sin
(50t), and 25sin(50t) Nm, respectively, and the joint 1 and
joint 2 are disturbed by 2.5sin(50¢t), 5sin(50t), 7.5sin(50t),
10sin(50t), 12.5sin(50¢), 15sin(50t), 17.5sin(50t), 20sin (50t),
22.5sin(50t), and 25sin(50t) Nm at the same time. The noise
interference is set as: the joint 1 and joint 2 are disturbed by
75dB, 77.5dB, 80dB, 82.5dB, 85dB, 87.5dB, 90dB, 92.5dB,
95dB, 97.5dB and 100dB, respectively, and the joint 1 and
joint 2 are disturbed by 75dB, 77.5dB, 80 dB, 82.5dB, 85dB,
87.5dB, 90dB, 92.5dB, 95dB, 97.5dB and 100 dB at the same
time.

A. ROBUSTNESS ANALYSIS OF LINEAR D + NONLINEAR PI
As shown in Figure 10 (a), IAE between the desired and
actual trajectory of the joint 1 (IAE;) shows an increasing
trend as the mass of link 1 increases, IAE between the desired
and actual trajectory of the joint 2 (IAEj) is not affected by the
increase in the mass of link 1, because there is no link 1 mass
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FIGURE 10. Variation in IAE for mass change of the model.

term in the drive torque model of joint 2, IAE; is not affected.
As shown in Figure 10 (b), IAE| shows an increasing trend
as the mass of link 2 increases, because there is link 2 mass
term in the drive torque model of joint 1, IAE; increases as the
mass of link 2 increases. As shown in Figure 10 (c¢), the [AE;
and TAE, shown an increasing trend as the mass of link
1 and link 2 increase. Compared with Figure 10 (a) and (b),
the IAE| and IAE, are the maximum in Figure 10 (c), because
the masses of link 1 and link 2 increase simultaneously, which
results in a greater impact on the output torque, the trajectory
tracking accuracy is reduced. As shown in Figure 10 (a),
(b), and (c), the IEA; and IAE, of the traditional PID and
nonlinear PID with the saturation functions y; are larger
than them of the nonlinear PID with the saturation functions
y11. Because the nonlinear PID control with the saturation
functions y; has a strong feedback effect on the error and
can quickly compensate the error.
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FIGURE 11. Performance analysis of control law when the masses of link

1 and 2 increase by 50% simultaneously.

As shown in Figure 13 (a), IAE; increases as the input
disturbance torque of the joint 1 increases. As shown in Fig-
ure 13. (b), IAE; increases as the input disturbance torque
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(c¢) The IAE changes with the input disturbance torque of the joint 1 and joint 2

FIGURE 13. Variation in IAE for input disturbance torque.

of the joint 2 increases. As shown in Figure 13. (c), IAE;
and TAE, increase as the input disturbance torque of the
joint 1 and joint 2 increase simultaneously. Compared with
Figure 13 (a) and (b), the IAE; and IAE; are the maxi-
mum, because the input disturbance torque of the joint 1 and
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joint 2 increase simultaneously, which results in a greater
impact on the output torque, the trajectory tracking accuracy
is reduced. As shown in Figure 13 (a), (b), and (c), the IEA
and IAE; of the nonlinear PID with the saturation functions
y11 are less than them of the traditional PID and nonlinear PID
with the saturation functions y;. Because the nonlinear PID
control with the saturation functions y1 has a strong feedback
effect on the error and can quickly compensate the error.

The trajectory tracking errors and the output torque errors
are shown in Figure 11, when the masses of link 1 and link
2 increase by 50% simultaneously. The trajectory tracking
errors and the output torque errors of the joint 1 and joint
2 controlled by the nonlinear PID with the saturation function
y11 is less than them of the joint 1 and joint 2 controlled by
the nonlinear PID with the saturation function y; and the
traditional PID, respectively. It indicates that the nonlinear
PID with the saturation yp; is the most robust to the model
uncertainty.

The standard deviation reflects data fluctuation. The
smaller the standard deviation is, the smaller the fluctua-
tion of input and motion of the system is, and the system
is relatively stable. The standard deviation of the trajectory
tracking error and output torque error is shown in Figure 12,
the standard deviation of the trajectory tracking error and
output torque error of the nonlinear PID with the saturation
function yy is the smallest. It indicates that the nonlinear PID
with the saturation function y;; has high robust to the model
uncertainty.

As shown in Figure 13 (a), IAE; increases as the input
disturbance torque of the joint 1 increases. As shown in Fig-
ure 13. (b), IAE; increases as the input disturbance torque
of the joint 2 increases. As shown in Figure 13. (c), IAE;
and TAE; increase as the input disturbance torque of the
joint 1 and joint 2 increase simultaneously. Compared with
Figure 13 (a) and (b), the IAE; and IAE; are the maxi-
mum, because the input disturbance torque of the joint 1 and
joint 2 increase simultaneously, which results in a greater
impact on the output torque, the trajectory tracking accuracy
is reduced. As shown in Figure 13 (a), (b), and (c), the I[EA
and IAE; of the nonlinear PID with the saturation functions
y11 are less than them of the traditional PID and nonlinear PID
with the saturation functions y;. Because the nonlinear PID
control with the saturation functions y; has a strong feedback
effect on the error and can quickly compensate the error.

The trajectory tracking errors and the output torque errors
are shown in Figure 14, when the input disturbance torque
of the joint 1 and 2 is 25sin(50t) N-m simultaneously. The
trajectory tracking errors and the output torque errors of the
joint 1 and joint 2 controlled by the nonlinear PID with the
saturation function y1 is less than them of the joint 1 and joint
2 controlled by the nonlinear PID with the saturation function
y1 and the traditional PID, respectively.

The standard deviation of the trajectory tracking error and
output torque error is shown in Figure 15, the standard devi-
ation of the trajectory tracking error and output torque error
of the nonlinear PID with the saturation function yj; is the
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FIGURE 14. Performance analysis of control law when the input
disturbance torque of the joint 1 and 2 is 25sin(50t) Nm.

smallest. It indicates that the nonlinear PID with the satu-
ration function yq; has high robust to the input disturbance
torque.
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FIGURE 16. Variation in IAE for SNR change.

As shown in Figure 16 (a), IAE; decreases as the input
noise disturbance of the joint 1 reduces (It means signal noise

VOLUME 8, 2020

ratio (SNR) increases). As shown in Figure 16 (b), IAE;
decreases as the input noise disturbance of the joint 2 reduces.
As shown in Figure 16 (c), IAE; and IAE; decrease as the
input noise disturbance of the joint 1 and joint 2 reduces
simultaneously. Compared with Figure 16 (a) and (b), the
IAE; and TAE; are the maximum, because the input noise
disturbance of the joint 1 and joint 2 increase simultaneously,
which results in a greater impact on the output torque, the tra-
jectory tracking accuracy is reduced. As shown in Figure 16
(a), (b), and (c), the IEA; and IAE; of the nonlinear PID with
the saturation functions yj; are less than them of the tradi-
tional PID and nonlinear PID with the saturation functions
y1. Because the nonlinear PID control with the saturation
functions y; has strong feedback effect on the error and can
quickly compensate the error.

The trajectory tracking errors and the output torque errors
are shown in Figure 17, when the input noise disturbance of
the joint 1 and 2 is 75dB simultaneously. The trajectory track-
ing errors and the output torque errors of the joint 1 and joint
2 controlled by the nonlinear PID with the saturation function
y11 is less than them of the joint 1 and joint 2 controlled
by the nonlinear PID with the saturation function y; and the
traditional PID, respectively. It indicates that the nonlinear
PID with the saturation yp; is the most robust to the noise
disturbance.

The standard deviation of the trajectory tracking error and
output torque error is shown in Figure 18, the standard devi-
ation of the trajectory tracking error and output torque error
of the nonlinear PID with the saturation function y; is the
smallest. It indicates that the nonlinear PID with the satura-
tion function y; has high robust to the noise disturbance.

B. ROBUSTNESS ANALYSIS OF LINEAR PD + NONLINEAR

PI

As shown in Figure 19 (a), IAE between the desired and
actual trajectory of the joint 1 (IAE;|) shows an increasing
trend as the mass of link 1 increases, IAE between the desired
and actual trajectory of the joint 2 (IAEj) is not affected by the
increase in the mass of link 1, because there is no link 1 mass
term in the drive torque model of link 2, TAE; is not affected.
As shown in Figure 19 (b), IAE; shows an increasing trend
as the mass of link 2 increases, because there is link 2 mass
term in the drive torque model of link 1, IAE; increases as the
mass of link 2 increases. As shown in Figure 19 (¢), the IAE;
and TAE; shown an increasing trend as the mass of link 1 and
link 2. Compared with Figure 19 (a) and (b), the IAE; and
IAE, are the maximum, because the masses of link 1 and
link 2 increase simultaneously, which results in a greater
impact on the output torque, the trajectory tracking accuracy
is reduced. As shown in Figure 19 (a), (b), and (c), the IEA
and IEA;, of the traditional PID and nonlinear PID with the
saturation functions y4 are larger than them of the nonlinear
PID with the saturation functions y44. Because the nonlinear
PID control with the saturation functions y44 has a strong
feedback effect on the error and can quickly compensate the
error.
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FIGURE 17. Performance analysis of control law when the SNR of the
joint 1 and joint 2 is 75dB.

The trajectory tracking errors and the output torque errors
are shown in Figure 20, when the masses of link 1 and link
2 increases by 50% simultaneously. The trajectory tracking

210526

%107 107

.NPDNIyN .NPDNIy”

[NPDNLy, 4 [NPDNIy,
25 biD -

Standard Deviation

Standard Deviation

A8 A8 At At

1 2 1 2

FIGURE 18. The standard deviation of the trajectory tracking error and
output torque error.

4 5
L e e e e (]
258 == nppongas —o— Lonproniyas 7.6 .5
53] & = Y 53]
R o=t =
P L_Q_—o———e———e—‘e—y n”
1 L s = ? ri L N N N ;s
0 5 10 15 20 25 30 35 40 45 50
%
x 107 M, (%) 5107
wim 32F° [Jy\PPD,\ly.l © IBNPI’D\'I)'-I o —e—o—47 "
L oogf e ——F—° N6 =
24
0 5 10 15 20 25 30 35 40 45 Sf?
MH("m) 10°
0.022 | I . : . . . ;
—e— e
o 0.0ZI: 1PID 2PID . M 5.0
< U'UIW s =
), N L . ) . N A . N 3
‘ UIUO 5 10 15 20 25 30 35 40 45 50
MH<%)
(a) The IAE changes with the mass change of link 1
3 .
L. . . . . . . vy
o 2 —e— l]hPI’I)N\y-‘H _"‘lz.\;\*l’s:myu 7.7 o
= 1.8 7.6 =
1.64 7.5
1.4 - - . 74
0 3, 10 15 20 25 30 35 40 45 ]
3 M (%) “
158 10 2 x 10

P

wo IIN]’FDN]H IEV*J]"I’I)T\II:A e
3 b
= - =

B 10 15 20 25 30 3 a0 45 56
M, (%) 3
0.02 — ’ i . . Xy
o 0.019F —&— [wu) L s ERT A
= 0018 482
; 4
0'0”0 5 10 15 20 25 30 35 40 45 5(1"6
M__(%)
1
(b) The TAE changes with the mass change of link 2
-4 5
10 018
oy g: o lwl'PDleu < IZNPPDN]_\H ﬁ;ﬁ"‘%\lﬂrﬁ oy
= 2 2 745 =
L i " L i L " " L " 744
0 5 10 15 20 25 30 35 40 45 50
M (%)
3 )
15 x 10 .:___'_.:‘___A—-—-* 10
{ 3t ——Dipeonts —*— Laxpronia PO g
=] | e o~ - =]
25 . . . 6
0 5 10 15 20 25 30 35 40 45 50
M (%)
1412y B
0.03 ; . . . : . X1
'*<'7 0’023: ——lpp Lem M"S Elm
2 omp e s
o s 100 15 20 25 30 35 40 45 500
M (%)
(1+12)

(c) The IAE changes with the mass change of link 1 and link 2 simultaneously

FIGURE 19. Variation in IAE for mass change of the model.

errors and the output torque errors of the joint 1 and joint
2 controlled by the nonlinear PID with the saturation function
ya4 is less than them of the joint 1 and joint 2 controlled
by the nonlinear PID with the saturation function y4 and the
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FIGURE 20. Performance analysis of control law when the masses of link
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traditional PID, respectively. It indicates that the nonlinear
PID with the saturation y44 is the most robust to the model
uncertainty.
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The standard deviation of the trajectory tracking error and
output torque error is shown in Figure 21, the standard devi-
ation of the trajectory tracking error and output torque error
of the nonlinear PID with the saturation function y44 is the
smallest. It indicates that the nonlinear PID with the satura-
tion function ys4 has high robust to the noise disturbance.

As shown in Figure 22. (a), IAE; increases as the input
disturbance torque of the joint 1 increases. As shown in Fig-
ure 22. (b), IAE; increases as the input disturbance torque
of the joint 2 increases. As shown in Figure 22. (c), IAE;
and IAE; increase as the input disturbance torque of the
joint 1 and joint 2 increase simultaneously. Compared with
Figure 22 (a) and (b), the IAE; and IAE, are the maxi-
mum, because the input disturbance torque of the joint 1 and
joint 2 increase simultaneously, which results in a greater
impact on the output torque, the trajectory tracking accuracy
is reduced. As shown in Figure 22 (a), (b), and (c), the IAE;
and TAE; of the nonlinear PID with the saturation functions
ya4 are less than them of the traditional PID and nonlinear PID
with the saturation functions y4. Because the nonlinear PID
control with the saturation functions y44 has a strong feedback
effect on the error and can quickly compensate the error.

The trajectory tracking errors and the output torque errors
are shown in Figure 23, when the input disturbance torque
of the joint 1 and 2 is 25sin(50t) N-m simultaneously. The
trajectory tracking errors and the output torque errors of the
joint 1 and joint 2 controlled by the nonlinear PID with the
saturation function y44 are less than them of the joint 1 and
joint 2 controlled by the nonlinear PID with the saturation
function y4 and the traditional PID, respectively. It indicates
that the nonlinear PID with the saturation y44 is the most
robust to the input disturbance torque.

The standard deviation of the trajectory tracking error
and output torque error is shown in Figure 24, the standard
deviation of the trajectory tracking error and output torque
error of the nonlinear PID with the saturation function ys4
is the smallest. It indicates that the nonlinear PID with the
saturation yaq has high robust to the input disturbance torque.

As shown in Figure 25 (a), IAE; decreases as the input
noise disturbance of the joint 1 reduces (It means signal
noise ratio (SNR) increases). As shown in Figure 25 (b),
IAE, decreases as the input noise disturbance of the joint
2 reduces. As shown in Figure 25 (c), IAE; and IAE,
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FIGURE 22. Variation in IAE for input disturbance torque.

decrease as the input noise disturbance of the joint 1 and
joint 2 reduces simultaneously. Compared with Figure 25 (a)
and (b), the IAE; and TAE, are the maximum, because the
input noise disturbance of the joint 1 and joint 2 increase
simultaneously, which results in a greater impact on the
output torque, the trajectory tracking accuracy is reduced.
As shown in Figure 25 (a), (b), and (c), the IAE; and TAE,
of the nonlinear PID with the saturation functions y44 are less
than them of the traditional PID and nonlinear PID with the
saturation functions y4. Because the nonlinear PID control
with the saturation functions y44 has a strong feedback effect
on the error and can quickly compensate the error.

The trajectory tracking errors and the output torque errors
are shown in Figure 26, when the input noise disturbance of
the joint 1 and 2 is 75dB simultaneously. The trajectory track-
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ing errors and the output torque errors of the joint 1 and joint
2 controlled by the nonlinear PID with the saturation function
ya4 is less than them of the joint 1 and joint 2 controlled
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FIGURE 25. Variation in IAE for SNR change.
FIGURE 26. Performance analysis of control law when the SNR of the
joint 1 and joint 2 is 75dB.

by the nonlinear PID with the saturation function y4 and the

traditional PID, respectively. It indicates that the nonlinear The standard deviation of the trajectory tracking error and
PID with the saturation ys4 is the most robust to the noise output torque error is shown in Figure 27, the standard devi-
disturbance. ation of the trajectory tracking error and output torque error
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FIGURE 27. The standard deviation of the trajectory tracking error and
output torque error.

of the nonlinear PID with the saturation function y44 is the
smallest. It indicates that the nonlinear PID with the satura-
tion function y44 has high robust to the noise disturbance.

Based on the above analysis, linear D + nonlinear PI
with the new generalized saturation function and linear PD
+ nolinear PI with the new generalized saturation function
have higher robust to the model uncertainty, input disturbance
torque and noise disturbance than the traditional PID, linear
D + nonlinear PI with the common saturation function and
linear PD + nolinear PI the common saturation function.
Because the new generalized saturation function has a strong
feedback effect on the error and can quickly compensate the
error.

VI. CONCLUSION

First, a new generalized saturation function was proposed,
which had strong reaction near the equilibrium point and can
make the control converge to the equilibrium point quickly.
Second, the proposed generalized saturation function was
applied in linear D 4+ nonlinear PI control law and in linear
PD + nonlinear PI control law, the corresponding GAS con-
ditions of the above two control laws were proved using Lya-
punov’s method and LaSalle’s invariance principle. Third, the
parameters tuning models of the above two control laws with
the proposed saturation function and the common saturation
function were built, the time integration of the absolute value
of position tracking error and time integration of the absolute
value of input torque error were chosen as the objective
functions, the GAS conditions and the rate driving torque
of each motor are regarded as the constraint conditions. The
control laws with the proposed saturation function had high
position tracking accuracy and torque output to prove the
excellent characteristics of the proposed saturation function.
Last, Robustness to the model uncertainty, input disturbance
torque and noise disturbance of the tradition PID control
law, the above two control laws with the common saturation
functions, and the above two control laws with the proposed
saturation functions was studied, the results shown that con-
trol laws with the proposed saturation functions had high
robustness.
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