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Improved Torque Control of Electrical Load
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Abstract—ELS is an important ground based hardware in the
loop simulator used for aerodynamics torque loading experiments
of the actuators under test. This work focuses on improvement of the
transient response of torque controller with parameters uncertainty
of Electrical Load Simulator (ELS).The parameters of load simulator
are estimated online and the model is updated, eliminating the model
error and improving the steady state torque tracking response of
torque controller. To improve the Transient control performance the
gain of robust term of SMC is updated online using fuzzy logic
system based on the amount of uncertainty in parameters of load
simulator. The states of load simulator which cannot be measured
directly are estimated using luenberger observer with update of new
estimated parameters. The stability of the control scheme is verified
using Lyapunov theorem. The validity of proposed control scheme is
verified using simulations.

Keywords—ELS, Observer, Transient Performance, SMC, Extra
Torque, Fuzzy Logic .

I. INTRODUCTION

HE Electrical Aerodynamics Load Simulator is basically
a torque servo system, which exerts loading torque on

actuator under test according to flight conditions and is used
for hardware in the loop simulations on ground based testing.
Because of the operation of loaded actuator, the load simulator
suffers from the disturbance caused by the actuator so the
major problem of all types of load simulators is the extra
torque. In the course of loading, the torque induced in ELS
due to the actuator operation is a strong disturbance to the
torque control of ELS because of rigid connection between
the actuator and load simulator. The design principle of load
simulator is not only to exert the loading on actuator but also it
should not affect the performance of actuator. So it is necessary
to study the control methods to eliminate extra torque[1].

Analyzing the mathematical model, extraneous torque is
closely related to the difference of angular velocities of the
actuator and load simulator. In order to get high control
performance, the velocity synchronization of two output shaft
between the actuator and the load simulator is required [2].

Wang proposed hybrid fuzzy PID to improve the torque
tracking performance [3].Q Fang proposed a novel design
method to solve mixed sensitivity optimization for disturbance
observer to eliminate extra torque in ELS. [4].

Besides Extra torque parameters uncertainty, the model
errors of load simulator can lead to poor control performance
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It is crucial to estimate the parameters online and update
the model and model based controller.Due to sensors cost,
noise and the states not available for measurement, sensor less
control is the hot research topic in modern electromechanical
systems. Ohnishsi proposed sensor less motion control for
motors with estimation and identification of system states [5].
Yang proposed observer based inertial identification, for DC
servo applications [6]. Zhang proposed model free method to
estimate inertia from motor speed response [7].

This work mainly focuses on online fuzzy gain tuning
to eliminate chattering and improve the tracking response
of load simulator.. The estimated parameters and states are
replaced and the model and model based control are updated.
In previous work it was observed that after updating the
model and model based controller, the steady state torque
tracking response of ELS is very satisfactory, but as the
same time the transient performance was poor. To eliminate
this problem the controller gain is also updated online using
fuzzy logic based on amount of uncertainty in the model
parameters. The states which cannot be measured directly are
measured using state observer with parameters of the observer
are also updated online. The general working diagram of
ELS is shown in Fig.1. This paper is organized as follows.
Section II discusses the derivation of mathematical model with
parameters variation. Section III designs the state observer,
adaptive robust controller, Parameters estimation Algorithm
and fuzzy online gain tuning of torque controller. Section
IV discusses the simulation results and section V gives the
conclusions.
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1547



International Journal of Information, Control and Computer Sciences
ISSN: 2517-9942
Vol:5, No:12, 2011

II. STATE MODEL WITH PARAMETRIC
UNCERTAINTY

A. Assumptions for Observer and ELS Modeling

Assumption 1:The convergence time of parameters estima-
tion to its final value is very small as compared to period of
command signal

Assumption 2:If the upper and lower bounds of parameters
uncertainty are know then the estimated parameters are
updated with the observer equation using following relation
because ideal convergence time of parameters to their final
values cannot be zero.

if. .

(Pest = 0) or (P.st < o) then (Pyps = Pest)

else

(P obs = B, nom)

P, is state parameter for observer

P, om 1s the nominal state parameter

P.4: is estimated state parameter of actual plant

o is smallest upper bound of variation and it represents the
admissible convergence error of estimated parameters to the
final value.

Assumption 3:The parametric uncertainty in the torque
servo system is bounded such that the upper bounds of all
the parameters are known.

Jmin < J < Jmaz
Bmin S B S Bmaa;
Kt(mzn) <K < Kt(maz)

Assumption 4:Electrical dynamics of torque motor is faster
than the mechanical dynamics so we can ignore L% and the

Assumption 5:The back emf constant K, is assumed to be
constant to avoid complexity..

B. State Model derivation

Based on the modeling assumption let AJ,AB and AK;
is the amount of bounded parametric uncertainty then voltage
and torque balance equations of DC torque servo motor can
be described as.

d;
w=iR+ Lo + Kywp )

dwy,
(Ki+AKy)i=(J+AJ) %+(B+A3)wm+Tl )

Where J , B, K} and K; are the mechanical parameters i.e.
moment of inertia ,damping coefficient ,back emf constant and
motor torque constant , R and L are the electrical parameters
of the system.T7, is the output load torque and can be written
as

TL = Ks(em - 6(1) (3)

Here 6,, is angular displacement of torque motor,f, is angular
displacement of actuator and K is stiffness of torque senor.
When the reference command of torque motor is zero the

movement of actuator will induce back emf. Due to this back
emf armature current will flow and torque will be generated
in the toque motor. Torque balance equation can be expressed
as

T = —(J+AJ)d, — (B+ AB)f, + T, 4)

T, is the mechanical torque on actuator shaft. T = K;i*
, is the electromagnetic torque in torque motor which is the
extra torque , ¢*is the armature current generated in torque
motor due to back emf generated. If Torque reference is not
zero for torque motor then (2) and (4) can be combined as

Te+T) = (J+AT)(0m—0,)+(B+AB)(01—0)o+T1+Ty
©)

(J+AT) (b, —b,) = (Kji+AKi+T*)—(B+AB)

(O — 00) — T1 — T4 ©)
i s (Ki+AKi+T)) (B+ADB) .
(gm_ga)— (J+AJ) (J+AJ) (0,,”
. 1
ta) — m(Tl +Ta) (7)

Multiply both sides of (7) by Kj

.. N K (Kyi+ AKyi +T7) K
K0, —0,) = el — T,
s ) (J+AJ) (J+AD('
Ky (B+AB) . :
T4) — ——c— 977 - ea 8
T = S a gy =) ®
. K,Ki  KAKi o KJTY B
T, = - Ty
J+AT  J+AT  J4+AT T+ AT
AB . K,
_ - T, + 1T,
NEN Ay o A )
7 K Kyi KAKyi B . AB 7
LU AT T UAAT T+ AT AT !
K
— T, +Ty+ T 10
Considering actuator effects in (2) ,then
ou K
1= R — fb(wm - wa) (11

We assumed that the electrical dynamics of torque motor
is faster than the mechanical dynamics so we can ignore L%
factor in (11). Put (11) in (12)

KK,

J+AJ
B ; AB . K

J+AJL_J+AJL_J+Aﬂ

K,AK,
J+AJ

u Kb

(g~ e wm

TL:( 7wa)]7

T+ Ta+1T.") (12)

Simplifying (12) and separating terms including Ty, and u
we get
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= KsKt KSAKt Ks
Ty = - T
c= Ty anr P Tranr " Tras it
" Ky K, B Ky AK;
Tyg+T.7)—
)~ (Grane T T an) T Urank
AB .
— )T, (13
+(J+AJ)) L (13)

Tr = —(a+ Aa)Tr + (b+ Ab)u — f(Togtra, AJ, AB, AKy)
(14)

Let x1 = 1, and zo = TL The state equation is represented
as

T = T2
'T.Q = _dIZ + I;u - f(Tewtrm A‘]v AB? AKt)
Y= (15)
Here
. KK B
= A =
a=(atB) = mA R T Trar) T
KyAK, AB
I
Grane Furan 19
) K.K, KAK,
bt Ab— 1
b=t A= T ANR T T+ AT a7

III. TORQUE CONTROLLER WITH PARAMETERS
AND STATE ESTIMATION

Let T7, be output load torque and 7). be the desired torque
signal, we define tracking error and its derivative is as

€:TL*TT
e=T, 1T, (18)

So we can get the error surface and its derivative are defined
as

s=¢é+ Ae
s§=éE+4+ Xé (19)

We introduce a new variable as

T,,,:TT—/\e
Xe=T —T,
s=T,—T,
=T, T, (20)

Put T, from (14) into (20) we get

§ = —(a+Aa)TL+(b+AbYu—f(Toptra, AJ, AB,AK,)—T),
21
We choose control as

u = % (dTL +,}E(Tezt7‘a0) + Tn) - Kd~s - w.sgn(s) (22)

A. Deign Idea of Enhanced Torque Controller

The designed torque controller in (22) is based on assump-
tion of parameters variations of ELS. The controller has several
limitations which are discussed in detail. The gains term Ky
and w are fixed with respect to parameters uncertainty. The
state equation contains a derivative of load torque and for
practical applications the state is directly not measurable.
So we suggest observer to measure the unknown state with
parameters uncertainty of plant.

This work proposes fuzzy logic based online gain schedul-
ing for K; and w to improve transient response of torque
control system based on amount of parameters variation a
and b of the state model. Secondly a luenberger observer will
be used to estimate T}, in presence of parameters uncertainty
of model. To update the new parameters in the observer, the
convergence rate of parameters estimation algorithm should
be fast enough, which is impossible. To solve this problem a
fuzzy switch is used to switch between nominal and the new
estimated parameters. The proposed enhanced control scheme
is shown in Fig.2.

B. State Observer with Parameters Estimation and update

The controller derived in (22) contains states and model
parameters to be estimated. Since practically the parameters
of EALS will have uncertainty depending on operating con-
ditions, this work propose state observer with update of real
plant parameters which are estimated online. From (15) the
observer can be represented as

Ty = —ads + bu—+ K(y — )
=i (23)

<

The state observer also contains model parameters which may
vary during operation depending on operating conditions, so it
is also necessary to update the new estimated parameters in to
the observer to have a real estimate of plant state. To estimate
the plant parameters we assume a nominal plant and a plant
with parameter variation. In the previous work fuzzy logic was
used to estimate the extra torque. [16]. The idea is extended
for parameters estimation. Fuzzy logic is used to estimate the
extra torque of nominal plant and the total disturbance of real
plant including the extra torque and the disturbance due to
parameters uncertainty. The difference of the two is used to
estimate the parameters variation as shown in Fig.2.Let K, be
the estimated value of motor torque constant

Tqe = po —Tan = f(Teztrm AJ: AB, AKt) - f(Teztra)
(24)

Tie = f(AJ,AB,AK;) = AKi + AJ(am — ay)
+AB(wy, —wg)  (25)

Here AK; = (K; — K;) , AJ = (J—J and AB = (B—B)
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Fig. 2. Enhanced Torque Controller for ELS

Hence the adaptation algorithm for estimating motor torque
constant can be expressed as

0Ty
oK,

A KTyt
K, = 1Sd7

Where K is the learning rate if we know the upper bound of
parameter variation then learning rate can expressed as

Kl = (Kmax - Kt) KIO

+ K (26)

Similarly uncertainty of moment of inertia J depends on
acceleration .Let J be the estimated moment of inertia then

8Tdc
~— = — (O, — Qg
oJ ( )
aJ OT e
— =K. Tye. ——
ot 2-4Ld
jo Kz.Tde.(CMSm —ag) +J 27

If Jimaz is the upper bound of moment of inertia then learning
rate can be expressed as

KQ = (Jm(LT - j) KZO

Uncertainty of B depends on speed of the actual plant and
also the actuator influence.

aTde _

~ wﬂ’l, w(l
0B ( )
0B 0Ty
o = Ko Tue =2

B = K3'Td6'(1‘;m’w“) +B (28)

If B,.qx is the upper bound of damping coefficient then
learning rate can be expressed as

KS = (Bmaa: - B) KBO

Here Ki9,K20,K30 are the initial learning rates.From (26),
(27) and (28) Assuming the electrical parameters are constant
we can calculate the estimated values of parameters a and
b.The update of the estimated parameters in the observer model
is done through a fuzzy switch function to make the estimation
algorithm efficient. The main purpose of the fuzzy switch is to
let the estimation algorithm converging to the maximum value
of the parameters to be estimated and then replace the new
parameters, other wise use nominal value at the beginning.

C. Online Fuzzy Gain Tuning based on State Parameters
Variation

The numerical values of K; and w are selected assuming
no variation in the plant parameters. But practically there
will be uncertainty in the mechanical parameters of ELS,
which can affect the control performance. So it is necessary
to map the controller gains according to parameters variation.
So enhanced control equation can be written as

u = % (dTL + f (Temtra,e) + Tn) - Xd-s - (Z)égn(é) (29)

With the assumption that the uncertainty in the mechanical
parameters of ELS is significant so the range of input
parameters is chosen as [a,b], [(60,120),(40,191)] and
that for output parameters [Kg,w] is [(2,20),(1,5)].The
typical fuzzy rules for gain tuning are shown in Table.l.For
output parameters center average denazification method is
adopted. Fig.4 shows online fuzzy parameters tuning with
two inputs [a,b] and one input Ty.. Since estimation of
[a,b] are derived from Tg..So it is much better to use
it for gain tuning instead of two parameters. Thus the
numbers of rules are reduced with same performance. Online
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tuning of controller gains K, and w improves the tracking
capability of torque control system especially in transient
time. Since the parameters estimation algorithm for J ,B and

a A Kq
) K Tqe —
Fuzzy Logic Fuzzy
A Controll
Rules w ontroller
B A
b w

Fig. 3. Online Fuzzy Gain Tuning

K, directly depends on Tj.,the number of rules for online
gain tuning can be reduced by using one input parameter 7 .

Table.1. Fuzzy Rules for Online Gain Tuning

a/b K4 0
S [Mm [B
S |[B M |[M |[M |s S
M |[M [M [s S S | B
B |S |[M |[s |M |[s |B

The big advantage of using 7}, is the reduction of number
of rules with the same performance as in the two parameters
input.The following rules are used for gain tuning.

If Ty, is big then K’d is big and w is medium

If T, is medium. ther} Kd is medium and w is small
If Ty, is small. then K, is small and w is small

IV. STABILITY PROOF

Choose Lyapunov function as
1, = 22
V=5 (s" 4+ 3 omifh) (30)
=1
where 6, = 0; — 6 differentiating V' we get
. n ~ <
i=1

Put value of s from (21) into above equation we get

V = s((=aTy +bu—f (Towiral 0) = To) + 3 m:0:6; (32)

i=1
Put u from (29) into (32), we get
V = s(—aTy, + aTr + f(Towtra)0 +Tp — Kas —

w.sgn(s) — f(Tewtra — Tn) + Zméléz (33)
i=1

We define fuzzy approximation error as ¢f = f (Textra) —
f (Tezira) /0" , then equation (33) can be simplified as

V = S(f(Teztra/e_f(Teztra)_de_w'sgn(s))—’—z mézéz
B2

V = S(f(Tcztra/9 - .]E(Tcztra/e*) - ((f(Tezt'ra,) -
F(Tentra)0") — Kgs — 0.5gn(s)) + Z méiéi (35)
i=1
From [19]

ézfl <97 9) = f(Teztra/e) - f(Teztra/e*)
Then (35) can be simplified as

V = 5(0:6,(0,0) — ef — Kygs — tv.sgn(s)) + anélél (36)

i=1

V = s(—ey — Kgs — w.sgn(s)) + anﬂiéi +

si0i€;(0,0) (37
Define the Adaptive Law as
b= —n, 's:6,(0,0) (38)
Simplifying equation(37) using the adaptive law as
V =s(—e; — Kgs — i.sgn(s)) 39

We assume that ideal fuzzy compensating error ey is approach-
ing zero in finite time, and by choosing proper range of K,
and w it can be shown as

V = —5.Kq.5 — s.b.sgn(s) <0 (40)

From (40) if the range of values of K, and w is properly
chosen to compensate for uncertainties then V' is less than
zero which proves the stability of proposed control scheme.

V. SIMULATION RESULTS
A. Parameters and State Estimation Simulation

The estimated mechanical parameters are shown in Fig.4,
Fig.5 and Fig.6. Convergence of estimation is dependent on
learning rate. From simulation results it is clear that the
convergence time is almost one tenth of the total period of
command reference signal. The observed states of model are
shown in Fig7 and Fig8.The observed states have less than 1
percent error in transient time which is acceptable.

B. Torque Tracking performance without fuzzy gain Tuning

Torque tracking response without fuzzy gain tuning, with
and without model parameters update is shown in Fig.9
where T, = 10.sin(2.(r).10.t), f = (10Hz), Bl = 4B,
J1 = 2J and K; = 2K;. From simulation result it is
clear that without updating the estimated parameters in the
equivalent model based control of torque controller the torque
tracking response is not very good and the tracking error is
more than (10N.m) in transient time and (2N.m) until one

1551



International Journal of Information, Control and Computer Sciences
ISSN: 2517-9942
Vol:5, No:12, 2011

0.07f

0.065
0.06

- 0.055
0.05

0.045

0.04|

0 001 002 003 004 005 006 007 008
time(s)

Fig. 4. Moment of Inertia estimation

] 0.02 0.04 0.06 0.08
time(s)

Fig. 5. Motor Torque Constant estimation

0.1

0.6

0.4-

0.2

V) 0.02 0.04 0.06 0.08
time(s)

Fig. 6. Damping Coefficient estimation

0.1

15 T T T
=== TL(Observed)
1+ =—TL(Real Plant)|
[
E 0.5¢ g
g,
c
©
E -0.5
@
-1
15 . . . .
(1] 0.02 0.04 0.06 0.08

time(s)

Fig. 7. Observed and estimated load Torque

T T T T

=== TL(dot)(Observed)
=—TL(dot)(Real Plant)

Real and estimate
(=)

0 0.02 0.04 0.06 0.08
time(s)

Fig. 8. Observed and estimated load torque derivative
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period cycle of reference command cycle. The torque tracking
performance is enhanced with updated parameters in the model
based equivalent control in the steady state but during transient
time the tracking error (3)N.m) which exist until half cycle of
reference command cycle
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Fig. 9. Torque Tracking without Fuzzy gain Tuning

C. Torque Tracking performance with fuzzy gain Tuning

Torque tracking performance with fuzzy online gain tuning
is shown in Fig10.The transient torque tracking error is almost
compensated as compared to the previous result discussed.
There is almost negligible tracking error over the entire cycle.

25 T T T
== Refrence

201 === TL with parameter update ,with fuzzy tunning

151 === TL with parameter update ,without fuzzy tunning|

Torque tracking

1% 0.05 0.1 0.15 0.2
time(s)

Fig. 10. Torque Tracking with Fuzzy gain Tuning

The control input without and with fuzzy gain tuning is
shown in Fig 11 and 13.Fig 12 is the zoom view of control
input without fuzzy gain tunning.There is significant chattering
which can lead to poor control performance. By comparing the
results the control input with fuzzy gain tuning is chattering
free.

o 0.02 0.04 0.06 0.08 0.1
time(s)

Fig. 11.  Control Signal without Fuzzy gain Tuning
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Fig. 12. Chattering in Control Signal without Fuzzy gain Tuning
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time(s)

Fig. 13. Control Signal with Fuzzy gain Tuning

VI. CONCLUSION

Torque controller with mechanical parameters uncertainty
with online fuzzy gain tuning based on amount of uncertainty
is implemented to improve transient response of torque track-
ing. The states are estimated through a state observer. The
parameters of observer are also updated after estimation. The
simulation results indicate that torque tracking error is less
than 1 percent with above proposed method.
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