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FUZZY BACKSTEPPING TORQUE CONTROL
OF PASSIVE TORQUE SIMULATOR WITH
ALGEBRAIC PARAMETERS ADAPTATION

Nasim Ullah — Shaoping Wang — Xingjian Wang *

This work presents fuzzy backstepping control techniques applied to the load simulator for good tracking performance
in presence of extra torque, and nonlinear friction effects. Assuming that the parameters of the system are uncertain and
bounded, Algebraic parameters adaptation algorithm is used to adopt the unknown parameters. The effect of transient fuzzy
estimation error on parameters adaptation algorithm is analyzed and the fuzzy estimation error is further compensated
using saturation function based adaptive control law working in parallel with the actual system to improve the transient
performance of closed loop system. The saturation function based adaptive control term is large in the transient time and
settles to an optimal lower value in the steady state for which the closed loop system remains stable. The simulation results
verify the validity of the proposed control method applied to the complex aerodynamics passive load simulator.
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1 INTRODUCTION

Passive torque simulator is one of the most important
equipments in ground based hardware in the loop (HIL)
simulation system, which simulates aerodynamics loads
torque or forces on flight control system in real time ac-
cording to the flight conditions. The ground testing en-
ables the designer to qualify the actuators of control sur-
faces and rudders before conducting actual flight tests [1].
There are three types of load simulators. The electro hy-
draulic load simulators are used to simulate high loads.
Some of the factors that degrade control performance of
electro hydraulic load simulators are high maintenance
cost, leakage and low power efficiency. Similarly pneu-
matics simulator can simulate medium range loads on ac-
tuators under test [2]. Due to the recent improvements
and developments in the electronics drivers and torque
motors, the electrical load simulator is the best choice for
simulating small and medium range aerodynamics loads.
PMSM is a good choice used as a torque loading mo-
tor [1,2]. Since the load simulator is used to test the per-
formance of actuators under test and its qualification for
development, so good control performance of load simu-
lator is very crucial and of prime importance. There are
many factors that degrade control performance of elec-
trical load simulator. Some of the factors are discussed
briefly.

In loading experiment the actuator under test and
the loading motor are connected directly through a rigid
shaft. The reference position command to the actuator
under test will cause the loading motor to move as well
even if the input command of the loading motor is zero.
This will create additional component of toque in the

loading motor which will strongly influence the control
performance of torque loading motor. This additional
component of torque induced in the loading motor due to
the movement of actuator under test is called extra torque
[4]. Friction is another nonlinear phenomenon which can
lead to very poor control performance, therefore the non-
linear phenomenon must be compensated for good control
performance [2].

Unknown or uncertain parameters of a complex elec-
tromechanical system lead to model error. It is vital to
estimate the unknown parameters online and compen-
sate for modeling error [3]. Most of the past research is
focused on analyzing extra torque and its compensation.
Since the mathematical model of the whole simulator is
very complex. The simple state equation was derived in
[1] and fuzzy SMC control scheme was adopted for good
tracking performance. The research was further enhanced
by considering parametric uncertainties in the model and
deriving suitable control scheme for electrical load simula-
tor [3]. Jiao analyzed the basic reason of extra toque gen-
eration and used feed forward technique to eliminate ex-
tra torque [4]. The velocity synchronization method was
proposed in [6] to compensate extra torque.

This work is focused on designing fuzzy backstepping
control scheme for torque tracking loop with algebraic pa-
rameter adaptation scheme. The complex mathematical
model of load simulator is derived in to a simple state
model. Backstepping method is used to drive the main
feedback loop of the load simulator. Fuzzy logic is used
to estimate extra torque and nonlinear friction. Practi-
cally the fuzzy estimation error cannot converge to zero;
this will lead to tracking error. Secondly since the extra
torque is acting on torque loading motor just after the
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start up of the system, so it is necessary to introduce a
control effort component which can compensate for fuzzy
estimation error as well improve the transient tracking
response. This work proposes saturation function based
adaptive law to compensate for the fuzzy estimation error
and improve transient response. Furthermore the effect of
fuzzy estimation error on the algebraic parameters esti-
mation is analyzed through simulation. The organized of
the paper is as follow.

2 PROBLEM FORMULATION

Electrical motor based PTS torque servo system is a
coupled electromechanical system which suffers from in-
herent strong coupling disturbance of the actuator under
test. Nonlinear friction is another dominant factor that
degrades control performance of PTS. To design a novel
controller for good torque tracking performance the fol-
lowing ideas are highlighted. Backstepping control is de-
signed to track the torque reference trajectory in combi-
nation of fuzzy logic system. Fuzzy logic is used to esti-
mate the nonlinear friction and extra torque. From the
previous section it is concluded that PTS system is influ-
enced by extra torque even in the transient time [4]. Hence
fuzzy logic based extra torque estimation is not very good
in the transient time due to processing delays which in-
duce transient tracking error. The transient tracking error
needs to be addressed for good control performance.

To compensate of transient tracking error we add ad-
ditional fixed gain robust control component, which com-
pensate for transient tracking error, with chattering in
the control signal. Assuming that the parameters of PTS
servo system are uncertain and bounded, Algebraic pa-
rameters adaptation is used to estimate the uncertainty
in the parameters because mismatch state parameters in
the controller will lead to poor performance. Fixed gain
robust term used to compensate transient tracking error
leading to chattering in control signal and noisy measured
states will have adverse effect on parameter adaptation
algorithm. So the compromise between robustness and
accuracy of parameters estimation is hard to balance. To
ensure overall good control performance of torque servo
system elimination of transient tracking error as well fast
and accurate estimation of uncertain state parameters are
very crucial.

In the view of above, a novel composite controller is
proposed which can compensate for transient tracking er-
ror without chattering in the control signal. The fixed ro-
bust control term is replaced by adaptive control term.
The gain of the adaptive controller is reasonably high
at the very start of transient cycle to suppress transient
tracking error and it decreases sharply to avoid chattering
in the control signal. So it ensures good transient tracking
performance as well chattering free control signal avail-
able to be used for accurate parameters estimation.

The noisy measured state is low pass filtered. The alge-
braic parameters adaptation algorithm working in paral-
lel with composite controller can ensure fast and accurate

estimation of uncertain parameters. The stability of the
closed loop is analyzed.

3 SYSTEM DYNAMICS AND
MATHEMATICAL ANALYSIS

The overall block diagram of load simulator is shown
in Fig. 1. Mathematical model of passive torque simulator
is very complex and needs to be analyzed deeply. Before
deriving simple state model, S domain model is analyzed
to understand the factors influencing control performance
of passive torque simulator. The voltage and torque equa-
tions of torque motor can be described as

w
U:z‘R+Ld—z + Kpwp (1)
dwp,
Teth¢=J%+me+Tf+TL, (2)
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Fig. 1. Block diagram of passive torque simulator

Ty is the the nonlinear friction.In this work we will
use the simplified stribeck friction model to simulate the
effect of friction. In (3) T, is the loading torque applied
on actuator under test .The loading torque consist of ac-
tual loading torque and the extra torque component to be
discussed later. Equation (3) represents the simplified dy-
namics of torque sensor assuming that inertia and damp-
ing coefficient of torque sensor is negligible as compared
to the whole system.

Parameter K, is the stiffness of torque sensor. Pa-
rameters 0, and 6, represent the motor and actuator
position. J, B, K; and K; are the mechanical parame-
ters, R and L are the electrical parameters of the system.
According to [1] the relation of loading torque is given by

KKKV - S[(LS + R)(JS + B) + K, K| K 0,
a D(S) '

17,
(4)

Here K, and K,are the voltage and current amplifier
gain. From (4) it is clear that loading torque consist of two
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components. The first component is due to the reference
command V', and the second term is due to the movement
of actuator command 6, .

3.1 Mathematical formulations and PTS state
model derivation

To design a good control system, the complex model
should be simplified because it is very difficult to design a
good control system with very complex model and under-
stand its all aspect. Consider Fig. 2 as a reference diagram
for deriving the simplified mathematical model. PTS is
connected through a stiff shaft to the actuator with the
torque sensor in the middle. The state model is derived
in [1,3]. Here we derive the model in more detail.

| 3
haY
T(pts)  T(sft)

Fig. 2. 1 — torque motor, 2 — sensor, 3 — actuator

Case 1. We assume that the reference command input
to the PTS is zero. In that case if the actuator moves
with a reference command, PTS has to move and act as
a generator. As a result back emf will be generated and
current will flow throw the winding and hence will cause
an electromagnetic torque. This torque as referred as the
extra torque in the case when reference torque of PTS is
zero. So (1) and (2) can be represented as

. s di*
—Kyw,, =1 R+Ldt . (5)

PTS will act as generator with no load. w;, is the PTS
motor velocity due the actuator effect. Parameter i* is
the current flowing in PTS motor winding due to the
actuator effect. Similarly torque balance equation can be
written as

dw?

Top =T = —J=g" — Buj,. (6)

In (6) Tss¢ is the mechanical shaft torque which is re-
sponsible for moving the PTS torque motor. We assume
that the PTS motor will follow the actuator speed so we
have w,* =~ w, .

Case 2. When the PTS torque motor reference com-
mand is not zero and it applies loading torque on actuator
under test so the voltage and torque balance equations of
the PTS system will also have the additional terms as
given in (5) and (6). So the resultant equations can be
written as

d(i — i*)

—(i—i")R+L
u=(i—-4i")R+ gr

+ Ky(wm —wa),  (7)

To =T = J(Op—00)+ B0 —0a)+Tape+ Ty +Ts . (8)
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Assuming that the electrical dynamics of PTS system
is faster than the mechanical dynamics thus ignoring the
diti*

t

term Ld— the resultant equations can be expressed as

(i — ity = L Holm Z ) (9)

(1—i")kt = J (O —0a) +B(0m—00)+Tspe+T¢+Tr . (10)

after some manipulation we get

- Ksktu

T, =

kiky ., B .
— Ty — =Ty, ——Tsps——Tr——T1,.
JR JR Mgk

(12)
Where T = Ks(ém — 9a) and 17, = Ks(ém — 9,1) and
represents the first and second derivative of load torques.

. Ksktu ktkb . Ks Ks Ks

T = —(—)T——TS»——T——T,

L="TR JR)L T st Ty T Tk
(13)

Ty, = —aTy +bu— c(Tope + Ty +T1). (14)

According to assumption 1, let AJ, AB and AKy,
AR and AK; is the bounded uncertainty in the param-
eters of PTS system then (14) can be represented as

Tr = —(a+ Aa)TL + (b+ Ab)u

- (C + AC)(Tsft + Tf + TL) , (15)
Ty = —aTy +bu — &(Tspe + Ty +Tt), (16)
Ty = —aTy +bu — éTy, — f(T — extra, Ty) . (17)

4 FUZZY BACKSTEPPING CONTROL

Backstepping control technique is a step wise recursive
control design methodology which ensures high tracking
performance as well as stability of the closed loop of non-
linear complex electromechanical systems. PTS torque
servo system is strongly influenced by extra torque gen-
erated due to the movement of actuator under test. A
method based on velocity synchronization for compensa-
tion of extra torque is proposed in [7], in which the in-
stantaneous velocity of loaded actuator is calculated from
nominal model and a suitable control term is designed to
compensate for the velocity difference of PTS motor and
loaded actuator. Since the parameters of actual loaded
actuator may have uncertainty so this method cannot
efficiently cancel the effect of extra torque. We propose
Fuzzy logic for estimation purpose. Using fuzzy logic as
estimator, we do not need dedicated encoder sensor for
measurement of the angular position of loaded actuator
to calculate the velocity instead the torque sensor out-
put signal and its derivate is used as input to fuzzy logic.
At this stage we ignore sensor noise which can affect the
estimation algorithm. Since the output signal of torque
sensor include all the dynamics including the actual load-
ing torque and extra torque, so fuzzy logic is superior to
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use because the estimation can be accurately interpreted
even in the case when the loaded actuator parameters are
uncertain. Let T, be output load torque and 7T;. be the
desired torque signal, we define

=T, -T,, é1=T,-T. (18)
Let é1 = a1 — Tr. We choose Lyapunov function as
Vi = —e?, Vi=e(g —T}). (19)
Choosing the first virtual control we get
a1 = —cre] + Tr )
(21)

Vl = 61(—0161 + TT - TT) = —cle% .
By choosing proper value of ¢c—1 > 0 we can easily prove

that Vi < 0. Now we define the second tracking error and
its derivative as

=T —a, =T —dy . (22)
Subtitling (17) into (22) we get
éo = —aTy +bu — Tr, — f(Toxtear Tf)— (23)
Using (21) and (23)
= —cré + 1. (24)

ey = —aTy +bu— Ty — f(Textra, Ty)— (cré1+1;). (25)

Choose Lyapunov function as

Ve = e2 + Z 77192 (26)

After differentiating it and using (25)
‘./2 = —cle% + e (—dTL + E’U, — éTL — f(Tcxtraa Tf)

i=1
‘We choose control law as

u =

( coey + QTL + CTL + f( extras Tj|9) C1é1 + Tr)

— Ki(e1 + ve2)

S| =

— Kosgn(e; +vea). (29)
To prove the stability of the whole closed loop we put
(29) in (28)

‘./2 - —016% + €2 [_0262 - f( cxtrava) f( extras Tj|9)

- K1(61 + 1/)62) K2 sgn e + 1/}62 Z

From [21] we define
(32)

Add and subtract f (Textra,Tf) / 6* in (31) and simplify-
ing we get

Vo = —clef - 0263 — e [—ef — Ki(e1 +vea)

We define adaptive law to cancel the effect of last term
in (33) as given by the following equation

— Kysgn(e1 + vea)] + [629 &i(0

0; = —n; 'e2&i(6) . (34)
Ideally we assume that ey ~ 0 and replacing (34) in (33)
we get the simplified equation as

62[—K1(€1 +1pes)— Ko sgn(ey —H/Jeg)}.

(35)
By selecting optimum values of ¢; > 0,c0 > 0, K; > 0
and Ky > 0 it is easy to prove that

Vo = —Cle%—@e%—

Vo <0.

Thus the hybrid control law given in (29) can make the
closed loop tracking error minimum with stable opera-
tion. The uncertainty in the parameters of the PTS sys-
tem will be adopted using Algebraic parameters adapta-
tion algorithm which will be derived and discussed in the
next section.

5 ALGEBRAIC PARAMETERS ADAPTATION

Case 1. Parameters Adaptation with noise and chatter-
ing free control signal.

In this section we derive the detailed algorithm for
parameters adaptation. Ideally we assume that the load
toque measured is noise free as well control signal chat-
tering is negligible. Consider equation (17) and follow the
steps as given in [5].

TL = —dTL + I;TL - éTL - f(Textrau Tf) (36)

We assume that ideally f ( extras Tf|9) of (27) will cancel

out the f( extra, Tj) term in (36) so the simplified form
is given by
Ty, +aTy, + ¢l = bu. (37)

Equation (37) has three unknown parameters so we derive

the adaptation algorithm. The Laplace transform of (37)

multiplied by s will give

(s3Tr(s) — s*T1(0) — sT1.(0))+a(s*Tr(s) — sTr(0))+
s¢Tp(s) = sbu(s). (39)
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Table 1. State Representation of Coefficient Matrix

A= Az =ax /,113 =d;

x'l = —tBTL —+ X9 dl = a dl = dg

x.g = 6t2TL + T3 dg = t3u + as dg = _thL + d3
x'g = —GtTL dg = —3t2u dg = +3t2TL
Ax =1 Ay = by Aoz = €1

U1 =y2 by = bo €1 = e

Uo = —t3Tr +ys by = bs €2 = €3

U3 =6t*TL +ys by =tu+by é3=—13Tp +eq

y4 = —GtTL b4 = —3t2u é4 = +3t2TL
Az =21 Aszs =1 Az = f1

21 = 2o €1 =cC fi=fo

Z9 = 23 ¢ = C3 fao=13
Z3=—-0TL+24 é3=c4 f3="fa

24 = 62T + 25 ¢y =t3u+ ¢y f4 =37 + fs
25 = —6tTL ¢s = —3t%u fs = +3t%T7,

Table 2. State Representation of B Matrix

Bi=g+tT, Bo=Mh Bs =k
g1 = —9t2Ty, + g2 }.Ll = 3Ty, + he I.€1 =ky
go = 18tTr + g3 hz = 92T + hs 1?2 = 3T + ks
gs = —6T7, hy = 18Ty +hy k3 = —92Ty, + ky
hy = —6T7, ka = 18T + ks
ks = —6T7,

Taking 3rd derivative of (39) with respect to s yields

d? :
Fi (S3TL(3) — 8T, (0) — sTp(0))+a

3

% (s°T(s)—
3 3

sT1,(0)) —I—éd— (sTL(s))= l;d— (su(s)).

ds3 ds3 (40)

Expanding the terms in (40) and multiplying it by s~2,
the resultant equation can be written as

3 2

d d d
—T =T 185> —T, T
(ds3 7.(s) +9s 2 7 (s)+18s = 1 (8) 4+ 65 3T (s)

s L d 5 d
+a(s 1d—83TL(s)+65 2@TL(S)+6S 3d—STL(s)>

2
Ti(s) + 33*3d—TL(s))

+ 6(572 d—3
ds ds?

3
A d? d?
_if 2 -3
= b(s @u(s) +3s @u(s)) (42)
Multiply (42) by s~! and s~2 to get another two equa-

tions as

L a? L, d? 5d
(S @TL(S) + 9s @TL(S) + 18s &TL(S)"'

4 2 d3 3 d2
65~ TL(S)) +a(s— TS Tu(s) + 65 T Tu(s)+
d da? d?
—4 94 A —3 —4
6s dSTL(s)) + c(s 13 Tr(s) + 3s 12 TL(S))
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L, d? g, d? ,d
(s —T0(s) + 95 5T (s) + 1857 =T (s)+

ds? ds? ds
6s 5TL(5)) + d(sfgcf—;TL(s) + 6s 4;—:2TL(S)+
63_5(% (s)) + 6(5_4%;TL(5) + 3s 5(?—82211[,(8))
= 5(574%u(s) + 35753—;u(s)) (44)

Re arranging (42), (43) and (44)

aAn + lA?Alz +¢Ai3 = By,

Az + bAgy + ¢Agz = By, (45)
aAsi + ZA)A32 + ¢Asz3 = Bs.
Equation (45) can be represented in matrix form as
An Az Az | |a B
A21 A22 A23 b| = BQ (46)
Az Aszp Asz| | ¢ Bs

And from theory of linear algebra we can find the solution
as

Br A Ags A Br A
By Axp A Aoy By Az
i IBs Az Asg - As1 Bg  Ass
A A A A A Ags 7(47)

Ag1 Azp Ao Agr Axy Ao
Asz1 Ay Ass Asgy Aszy Az

A A B

Ag1 Az Bo

. As1 Az Bs

A A Al

Ag1 Axy Ass

Azp Az Asz

In (47) the coefficient of 3 x 3 matrix can be written as

k k+1 k+3
A;ﬁ:—/ t3TL+6/ t2TL—6/ t1y,,
k+1 k42
Akzz/ t?’u—?)/ t2u,

k+1 k+2
Ak?,:—/ t3TL+3/ Ty,

k—1 k k+1 k+2
Bk:/ t3TL—9/ tQTL—HS/ tTL—G/ Ty .

where [ Of=7.

According to [5], it is better to write (48) in state form
for implementation, so the resultant state equations can
be written as given in Tabs. 1 and 2.
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Fig. 3. PTS Torque Controller with Algebraic Parameters Estimation

Case 2. Parameters Adaptation with noise and chatter-
ing in control signal.

In the previous analysis we assumed that the measured
signal at the output of torque sensor is noise free .Also
the control signal was assumed to be chattering free. But
practically the sensor noise is always present. So consider-
ing the two effects, the state equation can be represented
as

Ty, = —d(TL + 1) + bu, — (Tr +ms) - (49)

In (49) ns and ns is the sensor noise and its derivate

. . *
associated with 77 measurement from torque sensor, u
is the control signal with severe chattering.

For Accurate and fast parameters estimation the two
effects in (49) needs to be addressed. Sensor noise can
be suppressed using appropriate filter. For filtering noise
we use integrator as low pass filter and the resulting
equations can be written as

/)yl
= /=) =14l (50)

3>

Here p is the estimated parameter, |p is the determinant
of the coefficient matrix after replacing the appropriate
column vector and |A| is the determinant of coefficient
matrix.

The control signal chattering is associated with im-
provement of transient performance of torque controller
when the robust control term is large and fixed. To solve
chattering problem we use adaptive law based control,
which ensures elimination of transient tracking error and
chattering problems.

6 DESIGN OFADAPTIVE LAW FOR
IMPROVING TRANSIENT RESPONSE
AND ELIMINATION OF CHATTERING.

Figure 3 shows the overall control scheme with alge-
braic parameters estimation algorithm. The Control law
defined in (29) as written as

(51)

U = Um + U(Extra,friction) + Uy .

U,, = (—Cgeg—l—dTL-‘ré—Clél +TT),

= = (f(Textraa Tf|9)) ’

—Ki(e1 + vez)—Kasgn(er + pe))

U, represents model based control and w(gxtra,friction) 18
the fuzzy compensation for the extra torque and friction.

In [4] the generation mechanism of extra torque is
deeply analyzed. The extra torque is present even the
control input to PTS is zero.

As we are using Fuzzy logic to estimate the extra
torque which has some processing delays for estimation
any function. So in the transient time the fuzzy compen-
sation control for extra torque and friction is not very
good, which leads to transient tracking error. So to can-
cel the transient error and other external disturbances a
fixed gain control term wu, is added in (51). The transient
tracking error is eliminated but the control signal suf-
fers from severe chattering problem. Control signal with
chattering is not feasible to be used for parameters esti-
mation algorithm. For chattering free control signal and
elimination of transient tracking error at the same time
we propose adaptive law based control as given below.

U(Extra,friction)

SOl = S|

Uy =

Gy = sat(ky) * (e1 + Ves) + sat(ky) /(el + ves). (52)



Journal of ELECTRICAL ENGINEERING 66, NO. 4, 2015

Torque tracking

Refrence

1.0 = a
\ // \ Tracking l/‘j \"‘_
05 \i: \ /
N [
. % / L
\ / "\ /
\ : i
q !
—0.5 ¥ Tracking error \ § “\
% ; N §
1 ‘\'\_w" \ -
0 0.05 0.1 015 02
Time(s)
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Fig. 6. Continuous friction estimation and compensation

Let s = e1 + Yey. Adaptive law to update 151 and I;Q is
given as in [22]

];12—’71*8*61, ];22—72*8*/(61). (53)

The constant v, and 2 are the estimation learning rate,
the adaptive control gain will be large in the transient
time and will settle to a minimum optimum value as the
error and derivative of error decreases in the steady state.
As a result the transient tracking error is compensated
without chattering in the control signal. Further the con-
trol signal is useable at the input of algebraic parameter
estimator.

6.1 Critical Analysis on stability of closed loop
with adaptive controller

The adaptive controller derived in (52) is used to elim-
inate the transient tracking error as well as decrease the
chattering in control. Since the gain of the controller is
initial set to some large optimum value which will account
for the transient tracking error and after a very small time
interval the gain sharply decrease to lower optimum value
to account for chattering in control signal.

A saturation function is used to restrict the gain le

and ko to the initial lower optimum values for which the
closed loop stability was guaranteed. Without restricting
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Fig. 5. Extra torque estimation

Control input (V)

0 0.05 0.1 0.15 0.2
Time(s)

Fig. 7. Control input to PTS Motor case 1

the values to their optimum values the closed loop stabil-
ity of the torque servo system cannot be guaranteed and
the relation in equation (35) does not remain valid.

The possible reason for system instability is the na-
ture of update laws as given (53). Let we suppose that
the adaptive gain converges from initial value to a lower
optimum value and the closed loop system is stable with-
out saturation function, at that instant a small pertur-
bation on the system can introduce a tracking error. So
without saturation function the adaptive gain will fur-
ther decrease below the optimum lower values and the
loop will be unstable.

7 SIMULATION RESULTS AND DISCUSSION

For simulations and validity of proposed control scheme
the following parameters are used. The PTS and the ac-
tuator system parameters are given as

Total inertia of the system is given as J = 0.04, resis-
tance R = 7.5, PTS motor torque constant Km = 5.732,
Back emf constant Ke = 5.732, viscous coefficient B =
0.244, torque sensor stiffness Ks = 950, static friction
Fs = 3 Nm, Coulomb friction F¢c = 2.7 N and Stribeck
velocity alfa = 0.01.

The parameters of the controller are given as fuzzy
learning rate n; = 0.0001, amplifier gain Ku =10, C; =
117, Cy =110, K; = 1.5, K5 =0.5.
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Fig. 10. Estimation of state parameter c/ks
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Fig. 12. Control input to PTS Motor case 2

7.1 Parameters Adaptation with Tracking error
in the transient response and without sensor

noise and chattering in control signal

Torque tracking performance is shown in Fig. 4. The
transient tracking error is 50 %. In the steady state the
closed loop torque controller tracking error is less than

1%.

Figures 5 and 6 show the estimation of extra torque
and nonlinear friction. Figure 7 is the voltage control sig-
nal applied at the input of current driver of PTS motor.
The control signal is chattering free because the robust
term in the torque controller is set to a minimum opti-
mum value to avoid chattering and let the transient track-

b/ks
400
300 Actual
200 /

s

100 ’\ Estimation at 7=0.05 s
i
0 ..i:
100/

Estimation at 7=10.02 s

=200

0 0.2 0.4 0.6 0.8 1.0
Time(s)

Fig. 9. Estimation of state parameter b/ks
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0 . \\
\ 7 \
\ / \ /
-0.5 \\ / \ /
// ./
-1.0 Tracking error e’
-1.5
0 0.05 0.1 0.15 0.2
Time(s)
Fig. 11. Toque tracking performance case 2
TL with noise
1.5
1.0
0.5
0
-05
-1.0
-2.0
0 0.02 0.04 0.06 0.08 0.10

Time(s)

Fig. 13. T, with sensor noise

ing error be there to analyze the parameters adaptation
algorithm.

Figures 8, 9 and 10 show the estimation of state param-
, ki and é . The parameters adaptation switch is
closed at 0.02 sec and 0.05 sec respectively. The estima-
tion of parameters is very accurate even in the presence of
transient tracking error (¢ = 0.02) but with a large neg-
ative peek. The convergence time of parameters to their
final values is about 0.08 sec. compared to the results of
estimation at ¢t = 0.05, the estimation of all parameters
is very fast and converge fastly because at ¢ = 0.05, the
torque tracking error is very small and the transient error

eters a

is averaged out.
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Fig. 14. Estimated a with sensor noise and control signal chatter-

ing
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Fig. 16. Estimated ¢/ks with sensor noise and control signal chat-
tering

7.2 Parameters adaptation with elimination of
transient tracking error and with sensor
noise and control signal chattering.

To eliminate the transient tracking error and to an-
alyze the effect of chattering and sensor noise on pa-
rameters adaptation we modify the robust term gain as
K, = 4.5, K5 = 1.5. Moreover to study the effect of
sensor noise on parameters adaptation algorithm we add
some noise to the loading torque as

Tp =Ty, + B+ randn(10 % ). (54)

K\.K>

K,

K,

0 0.1 0.2 0.3 0.4 0.5
Time(s)

Fig. 17. Adaptive gain K7, K2 tuning
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0 k-

-500
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—-1500

0 0.1 02 0.3 0.4 0.5
Time(s)

Fig. 15. Estimated b/ks with sensor noise and control signal chat-

tering

Where [ is the amplitude of high frequency random
noise, for simulating the effect of noise we choose, g =
0.003.

Figure 11 shows the torque tracking performance un-
der large robust gain. The transient tracking error is al-
most eliminated with severe chattering in the control sig-
nal as shown in Fig. 12.

Figure 13 shows the noisy output signal which serves
as input to the parameters estimation algorithm. The
second input to the estimation algorithm is the control
signal with severe chattering as shown in Fig. 12.

Figures 14, 15 and 16 shows effect of chattering and
sensor noise on Parameters adaptation of PTS system.
From the simulations results it is clear that in presence of
noise and chattering the convergence time of parameters
to their final values is larger with a large peaks both in
negative and positive direction. This can cause system
instability and can lead to poor control performance of
the closed loop system.

7.3 Parameters adaptation with adaptive law
based control and filtered sensor output
signal

Figure 17 shows the variation of adaptive gain. In the
transient time the gain decreases sharply and settles to
an optimum value in steady state. Figure 18 is the control

Control input (V)
15

10

MMMNWVWW"

0 0.05 0.1

0.15 0.2
Time(s)

Fig. 18. Chattering elimination using adaptive gain tuning
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Torque tracking
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Fig. 19. Toque tracking performance case 3
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150 s\
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Time(s)

Fig. 21. Estimated b/ks without sensor noise and adaptive law

signal free of chattering. The small amount of chattering
only exits in the very start of the transient period and
then varnishes

Figure 19 is the torque tracking response under adap-
tive gain controller. The torque tracking performance is
satisfactory and transient tracking is eliminated.

Figures 20, 21 and 22 show the parameters estimation
result under the extra adaptive law based control. Since
the transient tracking error as well chattering is elimi-
nated, the estimation result is of uncertain parameters
converge to their original values smoothly. The estima-
tion error in the transient time is less than 2% with a
sudden peak. The peak appears because of the chattering
in the control in the very start of transient cycle as shown
in Fig. 18. Since the chattering is significantly decreased
after a small interval the peaking error in the parameters
estimation also settles down nearly to zero and the true
parameters are estimated.

8 CONCLUSIONS

Adaptive fuzzy backstepping torque control for PTS
simulator with algebraic parameters estimation is imple-
mented assuming that the state parameters are unknown
and uncertain but bounded. For simulations nominal val-
ues are used for torque controller initially and updated
soon after the estimation. From simulations results it is
concluded that fuzzy logic based compensation introduce

a

200

150 Actual

100 |, »°
Estimated

505:

0 0.2 0.4 0.6 0.8 1.0
Time(s)

Fig. 20. Estimated a without sensor noise and adaptive law

c/ks

50
40
Actual
30 /
20 45
Estimated
10
0 0.2 0.4 0.6 0.8 1.0

Time(s)

Fig. 22. Estimated c¢/ks without sensor noise and adaptive law

transient tracking error greater than 50%. With same
transient error the parameters adaptation is reasonably
good. For good control performance the transient track-
ing error was compensated using high robust term, with
severe chattering in control signal. Chattering and sen-
sor noise on parameters adaptation has significant effect
on convergence time of parameters adaptation with noise
spikes in the estimated results. To ensure minimum tran-
sient tracking error, chattering free control signal and
smooth parameters estimation, the high gain fixed ro-
bust term in the control law was replaced with adaptive
law of variable gain. The adaptive law gain is large in
the start to compensate the transient error and settles
to the optimum values initially selected. Chattering was
almost eliminated except for the very small interval in
transient time .To suppress the sensor noise a double in-
tegrator low pass filter was introduced in the numerator
and denominator of estimating algorithm. The transient
tracking error was decreased to 1% with smooth param-
eters estimation.
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