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Abstract

The performance of the electromechanical actuator system is usually affected by the nonlinear friction torque distur-
bance, model uncertainty, and unknown disturbances. In order to solve this problem, a model-based friction compensa-
tion method combined with an observer-based adaptive sliding mode controller for the speed loop of electromechanical
actuator system is presented in this article. All the disturbances and model uncertainty of electromechanical actuator
system are divided into two parts. One is model-based friction torque disturbance which can be identified by experi-
ments, and the other is the residual disturbance which cannot be identified by experiments. A modified LuGre model is
adopted to describe the friction torque disturbance of electromechanical actuator system. An extended state observer
is designed to estimate the residual disturbance. An adaptive sliding mode controller is designed to control the system
and compensate the friction torque disturbance and the residual disturbance. The stability of the electromechanical
actuator system is discussed with Lyapunov stability theory and Barbalat’s lemma. Experiments are designed to validate
the proposed method. The results demonstrate that the proposed control strategy not only provides better disturbance
rejecting ability but also provides better steady state and dynamic performance.
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Introduction tracking errors, limit cycles, and other undesirable
effects.’ To deal with the friction problem, designing an
appropriate compensation scheme is a common solu-
tion. Some non-model-based compensation methods
have been developed such as neural networks,” non-
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smooth Hoo-tracking synthesis,” Kalman filter,* and
reduced observer,” which have the advantage that
information of complex dynamics is not required in
advance and we do not have to identify the parameters
of friction model with experiments. However, since the
behavior of the nonlinear factor is ignored and consid-
ered as disturbances in these methods, there always
remains a non-null estimation error. In this regard,
some model-based compensation methods dealing with
friction have been proposed.®® The friction model
based on static friction such as Coulomb model,’
Stribeck model,'® Karnopp model,!" and Armstrong
model' cannot accurately describe the sophisticated
friction phenomenon and may cause inaccurate com-
pensation when the angular velocity is passing zero
with short dwelling time around zero. Thus, some
dynamic friction models have been proposed such as
Dahl model,'? Elasto-plastic model,'* LuGre model,'*
Leuven model,"” Maxwell-slip model, and General
Maxwell-slip model.'® The advantages and disadvan-
tages of each mode are compared in the literature.*'>!°
Among the above models, LuGre model is a widely
used dynamic model'” which describes the pre-sliding
regime and the gross sliding regime and addresses the
low velocity phenomenon.!” " In order to reduce the
complexity and the computation amount of the control
algorithm, some modified LuGre friction models have
been developed.'**® The advantage of the modified
models is that they are smooth enough and can be
made time derivative. In this article, the modified
LuGre model is used to describe the friction phenom-
enon of EMA system.

In addition, due to the fact that the model uncer-
tainty and unknown disturbances can extremely
degrade the performance of the EMA system, they are
always estimated by the observer and compensated in
the control action. Many observers have been pro-
posed, such as disturbance observer,”' sliding mode
observer,?? high-order sliding mode observer,** variable
gains super-twisting sliding mode observer,”* and
extended state observer (ESO).>>?” Even though dis-
turbance observer has the advantage of design simpli-
city and good performance, it inherently depends on
the accurate inverse model of the system, which would
not be suitable for complex mechanism such as the
EMA system.”® Sliding mode observer has good obser-
vation accuracy and robustness with disturbances and
parameter uncertainties. However, it is a discontinuous
estimation algorithm with chattering problem which
restricts its application.”’ High-order sliding mode
observer overcomes the chattering problem and keeps
the properties of the sliding mode observer.*® However,
this approach requires the derivative information of the
switching function which makes it difficult to imple-
ment. The variable gains super-twisting sliding mode
observer can attenuate the chattering and compensate

the disturbance of system.?' However, this approach is
applied in simulation stage. There is little test verifica-
tion of actual application in engineering. ESO is the
core of active disturbance rejection controller
(ADRC),* which is proposed by J Han* in later 1980s
and improved by Z Gao.>* It treats the total distur-
bance as an additional state variable of the process and
the estimator of the disturbance is taken as an extra
input signal. Compared with other observers, ESO can
estimate not only the unmeasured system states but
also the system disturbances without knowing the accu-
rate information of the system model.** Besides, it has
the feature of simple design. The ESO also acts as an
independent part in ADRC. At present, ESO has been
applied widely to solve many engineering problems,
and various ESO-based controllers have been success-
fully verified by a lot of applications.>* *' The previous
studies have demonstrated the feasibility of ESO-based
controllers.

Besides, in order to improve the performance of the
EMA system, it is necessary to come up with a robust
controller. Recently, proportional, integral, and deriva-
tive (PID) controller has been introduced to control the
EMA system. However, the controller capabilities are
limited in the face of the nonlinearity of the EMA sys-
tem. The drawback of the conventional PID appears
when the control system works under variable condi-
tions. With the development of microprocessor technol-
ogy and control theory, many advanced controllers
have been proposed to control EMA system, such as
genetic algorithm (GA) optimized fuzzy supervisory
PID controller,** an inner-loop control strategy,** slid-
ing mode control (SMC),** and He hybrid control-
ler.*> SMC is regarded as a distinguished control
technique, which is not only insensitive to model uncer-
tainties but also completely unaffected by disturbances.
Although robustness is guaranteed in the sliding phase
of traditional SMC, high-frequency chattering of the
system is not avoided. Thus, a variety of modified
SMC are proposed such as integral sliding mode con-
trol (ISMC),* super-twisting sliding mode control,*’
adaptive sliding mode control (ASMC),** and double
integral sliding mode® to alleviate the chattering phe-
nomenon and improve the performance of the EMA
system. Among all these methods, ASMC is a widely
used method. It can adjust parameters of the controller
according to a defined threshold without knowing the
information on the bounds of disturbances. Compared
with traditional SMC, the ASMC maintains the advan-
tage of SMC and avoids the chattering problem.”™' In
this article, ASMC is utilized to obtain the demanded
control law.

Motivated by the methods we mentioned above, a
control strategy consisting of the ASMC, ESO, and
friction compensation is proposed on the basis of
Lyapunov stability theory and Barbalat’s lemma to
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Figure I. Structure of the EMA system.

improve the steady state and dynamic performances of
the EMA system. The contribution of this work can be
summarized as follows: (1) a nonlinear model of EMA
system is constructed progressively concerning the fric-
tion torque, variable hinge moment, model uncertainty,
and unknown disturbances; (2) a novel control strategy
combining ASMC, ESO, and friction compensation is
proposed; and (3) experiments are conducted on the
digital signal processor (DSP)-complex programmable
logic device (CPLD) to compare the performance index
of three control strategies, which validates the effective-
ness of the proposed control strategy.

The article is organized as follows. Section “EMA
system modeling” presents the EMA system and its
mathematical model including nonlinear factors.
Section “EMA system control strategy” gives a brief
introduction to the control strategy of the EMA system
concerning friction disturbance, model uncertainty,
and unknown disturbances. Then, the experimental

results are discussed in section “Experimental results.”
Finally, conclusions are given in section “Conclusion.”

EMA system modeling

Figure 1 illustrates the structure of the EMA system.
EMA mechanism mainly consists of a motor, a ball
screw, a coupler, an incremental encoder, a guide axle,
shifting pin, a potentiometer, and a shifting fork. The
ball screw is coupled with the motor shaft by a coupler.
The incremental encoder is fixed with the motor shaft
to provide information about the speed of the motor.
The motor angular motion transforms the actuator
translational motion by the ball screw. Shifting pin is
fixed with ball screw nut and contacts with shifting fork
to transform the translational motion to the angular
motion of aero fin. The potentiometer provides angular
information about the aero fin. The guide axle provides
supporter to ensure no rotation of the nut. Motor is
connected to lead screw without using gearbox, so it is
a direct-drive type. As a result of this, the influence of
the backlash on EMA is very small and could be
regarded as a disturbance.

Figure 2 shows the block diagram of double closed-
loop control system for EMA system. TMS320F28335
DSP combined with CPLD is adopted to achieve one
DSP controlling four channel EMA systems. DSP is
utilized to implement sophisticated control strategies.
CPLD is utilized to implement digital power converter
control units. When command angular is given by the
flight control system, DSP will analyze the command
words and sensors signal to export pulse width modula-
tion (PWM) control signal by angular position

Power
driving
circuit

CPLD

Speed loop

Command
angular TMS320F28335
Fight
control » CAN |—>| APC |—>| AVC |—>|PWM e
system
SPI Qep
A

PCB

Position loop

Figure 2. Block diagram of the double closed-loop control system for EMA system.
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controller and angular velocity controller. Then, CPLD
can capture hall signals and process them with PWM
control signal. Thus, the control signal of EMA is
obtained by CPLD and exports to EMA by PWM
power driving circuit which consists of three-phase
inverter and insulated gate bipolar transistor (IGBT)
driver board. A cascade structure that consists of the
speed loop and position loop is a classic way to control
EMA system. Speed loop can reject the disturbances
and improve rapidity of EMA system, thus it requires
excellent steady state and dynamic performances.
Position loop can make the aero fin follow the missile
demand. In this article, a novel controller strategy is
developed for speed loop to improve the performance
of EMA system.

Mathematical model of EMA

The EMA system is driven by the brushless direct cur-
rent motor (BLDCM) which is widely used since it
ensures good control system performance in mechani-
cal applications. The current equation and torque
equation of BLDCM are shown in equations (1) and
(2), respectively’

idRa did Kew
= +L,—— + 1
v K, ‘Kot K (1)
Kmid = Tem (2)

where U is the voltage input of BLDCM; K; is the
PWM coefficient; R, and L, are the armature resistance
and armature inductance, respectively; w is rotor angu-
lar velocity; iy is the armature current; K, is the motor
torque constant; K, is the motor electrical constant;
and 7, is the driving torque of BLDCM.

The dynamic model of EMA using Euler—Lagrange
equation can be given as follows

M©O)w + c(w,0)w =T, —7q — 74 (3)

where M(#) is the mass/inertia matrix, M(6) =
J =J, + (J;/N?), J, is the rotational inertia of motor,
J; is the moment of inertia of the actuator assembly, N
is transmission ratio, ¢(w, 6) represents Coriolis matrix,
here, c(w,0) =~ 0 for EMA system, 74 = T,y + T, is the
disturbance torque of EMA, T, is the friction torque,
T, is uncertainties and external disturbance torque, and
7 = M, is the variable load torque. Because L, is very
small value, the influence of the armature inductance is
taken as the internal disturbance of the system.

The principal load torque of EMA is the hinge
moment induced by aerodynamic forces on control sur-
face which can lead to instability of missiles under cer-
tain condition.>” The load torque can be expressed as

M;/, = Mh/N = mhqurbr/N (4)

where my, is the hinge moment coefficient of the control
surface influenced by the angle of attack, Mach num-
ber, altitude, and the deflection angle of actuator; g, is
aerodynamic pressure of flowing through the control
surface; and S, and b, are area and chord length of the
control surface, respectively.

It can be concluded that hinge moment varies widely
depending on specified flight condition and maneuver-
ing status. The traditional way to obtain the approxi-
mate value of hinge moment coefficient is
computational fluid dynamics, aerodynamic parameter
identification, or wind tunnel experiments.53 And then,
the approximate maximum of hinge moment is calcu-
lated and is utilized to select BLDCM. However, the
accurate value of hinge moment cannot be obtained.
Thus, the variable load torque is considered as an
external disturbance of the EMA system.

As a result, the state-space equation of EMA system
including disturbances is shown in equation (5)

o szK T, M, T,
mixe mf h d

I _Th 44y 5
JR, 2 J J J " (5)

y=[x1 x]

)’Cz:_

where x; =0, x; = % = 0, b = (K,,K;)/JR,, and u is
the control input of the EMA system, which is PWM
control signal and calculated by the controller of speed
loop.

Assumption [. According to the mechanical limitations
of EMA, the angular position 6 and angular velocity @
of the EMA system are bounded.

Assumption 2. According to the limited of hardware, the
control signal u is bounded, and the bound limit is given
by the allowable PWM signal.

Assumption 3. The nonlinear analysis of EMA system
ignores the effect of elastic, and the mechanical struc-
ture is regarded as a rigid body.

Assumption 4. The angular position # and angular velo-
city w of the EMA system are measurable. The refer-
ence angular position 6; is a sufficiently smooth
function of time. 6, 84, and 6, are bounded.

In this article, the system disturbances can be divided
into two parts. One is the model-based friction torque
disturbance which can be identified by experiments,
and the other is the residual disturbance which cannot
be identified by experiments. The residual disturbance
includes back electromotive forces, friction compensa-
tion error, variable hinge moment, and the model
uncertainty.
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Friction model

LuGre model is the syntheses of Danl model and
Stribeck effect. Bristles are adopted to describe the con-
tact surface and modeled by stiffness and damping.
However, the model and its derivatives are discontinu-
ous. Therefore, a continuous modified LuGre model is
adopted. The model is proposed by J Yao et al.>° and
is based on hyperbolic tangent approximation instead
of sign function in the LuGre model. The modified
LuGre model avoids the discontinuity at the vicinity of
zero angular velocity. It is described by

Ty = 0oz + 012 + 020 (6)
z=60-— (o) @Z (7)

g(0) = (T, — T,)[tanh(b,0) — tanh(b,6)] + T.tan(bs6)
(8)

where T, is coulomb friction torque; Ty is static friction
force; 0, 01, and o, are stiffness, damping, and viscous
friction coefficient, respectively; 0 is the velocity of the
system; 6 is the position of the system; z is the unknown
friction state; and by, b,, b; are linear coefficients.

Several schemes are reported to identify the friction
parameters of the friction model.>*>> The static para-
meters, such as 7., Ty, and o,, are identified off-line
when the EMA system works at constant speed,
namely, Z = 0. Combining equations (7) and (8), the z
can be described as follows

zg = {(Ty — T,)[tanh(b,0) — tanh(b,6)] + T.tan(h30)} /o
)

Replacing equation (9) in equation (6), the steady
friction torque becomes

Topis = (Ts — T.)[tanh(b;0) — tanh(b,0)]
+ Tctan(bg.(?) + 0'29

(10)

Combining equations (2) and (3), 7; is set to 0. As
for other disturbances and uncertainties, we also take
them as very small part, that is, T, ~0. It is known
from above, M(0) = J, ¢(w, ) =~ 0. When the EMA sys-
tem rotates at constant velocity, @ = 0, substituting
equation (3) into equation (2) yields

Tm s 7 Kmidsx

(11)

where ss denotes the steady state. According to equa-
tion (11), friction torque can be obtained through mea-
suring the armature current when the EMA system
works at constant speed.56 Twps s the equivalent fric-
tion torque of the side of the motor.

Dynamic parameters are identified by model lineari-
zation at z = 0. When the system is in the pre-sliding
period, and the motion of the system is in the purely
microscopic elastic regime, there is no displacement of
the output shaft of the system. Thus, replacing z = 0,
and dz/dt = df/dt, in equations (6) and (7) yields

Ty = 000p + (01 + 02)0,, (12)

Set M; = 0, substituting equation (12) into equation
(5) and applying the Laplace transform to equations (2)
and (5) yields

Ouls) _
i(s)
When the motion of the EMA system is at a small

displacement and reaches a steady state, the equation
(13) can be reduced to

K
Js2 + (o1 + o2)s + oy

(13)

Tc = 0-00m

(14)

The EMA system can be regarded as a mass-

spring-damper  system. Set w, = \/00/J, (=
(o1 + 02)/2+/00J, equation (13) can be described as

Om(s) _ , Ko
i(s) §2 + 2fw,s + w2 o9

(15)

It can be implied from equation (15) that the friction
behavior in the EMA system approximates to second-
order damping system. As a result of this, w, can be
obtained by the step response using a small current,
and then, oy and o are obtained. By its nature, w, rep-
resents the natural frequency and ¢ represents the
damping ration. The range of { is 0 <{ = 1. Here, { is
considered as 1.

However, for a real system, due to the fact that
EMA system is simplified to a second-order linear sys-
tem, we can only get the ideal dynamic parameters in
some ways. It is very difficult to get the accurate values;
thus, an intelligent estimating scheme is also necessary.

EMA system control strategy

Figure 3 shows the block diagram of the controller
structure for speed loop of the EMA system. The con-
trol strategy consists of ASMC, ESO, and friction
compensation.

ESO design

As shown in Figure 3, after friction compensation,
equation (5) can be written as follows
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Figure 3. Block diagram of the proposed controller structure for speed loop of the EMA system.

Ty _i
552 = by — Wg/‘:}dent _f
. (16)
Y3 =f
Y2 = x2
where
Tor n K, K. n M,’, n Ty
X)) =w, Xx3= X — —
: 7 UR, YT T
T
= Jf +\P(x2,t)
Tmf_ident Tmf
= + — +Y(x,,t
7 7 (x2, 1)
Tmf_ident
5 v

Tog = Tonp — T _ident is the friction compensation error
and f = (Tur/J) + W(x2, 1) is the residual disturbance.

Assumption 5. Function W(x,,f) is time varying and
bounded, but the bound limit is unknown in advance.

Assumption 6. The functions / and / are bounded over
the working condition of EMA system and the initial
values are zero. The specific working condition of
EMA system is as follows: the range of motion of the
EMA system is from —20 degrees to 20 degrees, the
flight altitude of the missile is 4km, the maximum
hinge moment is 6 N m, and the response bandwidth of
the system does not exceed 20 Hz.

According to the ESO design method,”” a second
ESO is introduced as follows

€] —zZ1 —w

21 :Zz—Blel + bu
éz = 7B2fal(€1,a,8)
S =2

L =[B,.B,]" are ESO gains, and z,, z, are the out-
puts of ESO. z; is the estimation of state variable x;,

(17)

and z, is the estimation of f. Fal function is expressed

aSSS

le1|“sign(e), e1|>6
Fal(ey,a,6) = e L
81—01 > €1

(18)

The fitting schematic diagram of Fal function is
shown in Figure 4. Figure 4 implies that the larger the
error between the input and the output, the smaller the
gain, the smaller the error between the input and
the output, the larger the gain.’>>® Thus, Fal function
has a linear zone output around the zero input. The
Fal function is used to adjust the ESO gains by the
error e. 0 <a <1 is the change rate of the gain, and 6 is
a filter factor to avoid oscillation. They are obtained by
trial and error.

Here, the method of bandwidth—parameterization is
applied to the ESO,””*" thus B, = 2w, B, = ®}. The f
is compensated shown in Figure 3 by the form of z,.

2 ;
1 - ST
7
/
[
[
> 0 A §
!
S
A b A g : i
----- y=fal(x,a,d)
: y=X
-2 i i i
-2 -1 0 1 2
X

Figure 4. Fitting schematic diagram of Fal function.



Zhang et al.

Unfortunately, if the ESO observer is not well
selected, there always remains a non-null estimation
error. The estimation error is defined as

f=r-r

where | f| < fy. fu is the upper bound value of total esti-
mated error; however, the bound limit is not known in
advance.

The convergence of the ESO is given by and is
omitted here.”® The convergence can be achieved by
choosing the parameters of wg, a, 8.

The main objective of ESO is to estimate the total
disturbance in real time. However, although the high
bandwidth of the parameters of ESO improves the dis-
turbance rejecting ability, it will magnify sensor noise
and dynamic uncertainties. So a trade-off between noise
and rapidity should be made by trial and error.

(19)

Control law design

Based on the feedback control method shown in Figure
3, the control law u can be chosen as

Tmf_identRa 3

=y + + = 20
u = uo XK. b (20)

Sliding surface is selected generally as follows
s:e+/\Jedt (21)

where e = w; — w, and A is the sliding coefficient.
The derivative of equation (21) is as follows
s=é+ Ae
T, iden

= iog — bu — M £t e (22)

Combining equations (16) and (20) and substituting
them into equation (22), we can obtain

Tm'ienRa 7 Tm'_i en
&—c’ud—b(uo-F —n ident a )+f— de L f + de

KIHKS
(23)

We set ug = ey + ug,. Thus, the proposed control
law ug is the combination of two parts, u,, is used to
compensate for the known nominal parts and u, is
used to compensate for the disturbance. On setting
§ =0, during the sliding motion the so-called equiva-
lent control u,, is given as

Ueqg = %(a)d + e _J;) (24)

The nonlinear switching control to deal with the dis-
turbance is given as

o = 3 (— as — Kysat(s/2) (25)
where ky, k, are the given positive constants, and sat(.)
function is instead of the sign function to eliminate the
chattering phenomenon of conventional SMC. The
concept of the boundary layer is adopted in sat(.) func-
tion; ¢>0 is the thickness of the boundary layer and is
an extremely small constant. The switch control law
ensures that the SMC converges to zero in finite time.
The final control law can be written as

"= %(@d + Ne — ks — kysat(s)e) —f)  (26)

Analysis of stability

As we know, the upper bound of f is unknown. So the
adaptive law is used to estimate the unknown upper

bound. Define the adaptive estimates of /" as f, then the
estimated error is obtained as

f=r-s

Since f is a constant parameter in the control circle

of speed loop, f = 0. Thus, the adaptive law is pre-
sented as follows

(27)

f=F—=F=F=—s (28)
where <y is a positive constant, and the convergence of
system is changed according to the y. As we know that
the upper bound of /" is unknown, one aim of ASMC is
to estimate f by the adaptive law.

Theorem |. Considering the nonlinear system equation
(5) under assumption 1-6 and sliding mode surface
equation (21), for any initial states and desired refer-
ence angular velocity, the control laws in equation (26)
and (28) for controlling EMA system are adopted to
achieve the objective as follows
ltim (e)=0 (29)
Define a positive-definite Lyapunov function for the
closed-loop system

V= ls2 + i]_’2
2y

5 (30)

The time derivative of function V can be obtained as

=55+ ]y (31)
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Substituting equation (26) into equation (31), we
obtain

V=ss+ff]y
— S| + Ae + @g — (g + Ae + kas + kysat(s/e) — )]
+ 71 /v
= S[F + ] — ksat(s/e)) — kis® + 77/
(32)

Substituting equation (28) into equation (32), we
obtain

V=s[-f +f- kysat(s/e)] — kys* — fs

(33)
= — kyssat(s/e) — kys* <0

V should be negative semi-definite. Equation (33)
implies ¥(f)< ¥ (0) and that s and f are bounded. In
order to prove the convergence of s and / Theorem 1,
Barbalat’s lemma is introduced. Considering assump-
tions 1-6, k; and k; are bounded. Equation (33) can be
written as

V< —kys® = D(1) (34)

Then, integrating the expression ¥ from 0 to ¢ yields

V)= V() + JCI)(T)dT = j ®(r)dr
0 0

(35)

Therefore, we have }im f(; O(1)dr < }im[V(O) 40)

< J/(0) <o which implies that the absolute value func-
tion |s| are uniformly continuous. As a result, based on
Barbalat’s Lemma,>® we can conclude that s — 0 as
t — oo. Thus, the tracking error e is convergent to zero
asymptotically.

As a result, the stability of closed dynamics can be
guaranteed. Finally, the objective in equation (29) can
be achieved.

The final adopted control law is as follows

u= é((,od + Ae — kys — kssat(S/S) _;)
j‘: — [ ysdt

Equation (36) can be achieved by choosing the
appropriate parameters A, &, ky, ks, and vy.

(36)

Experimental results

This section describes the experiments to validate the
performance of the proposed control strategy. Since
friction nonlinear and disturbance are the most impor-
tant factors influencing the performance of EMA

system, the experiments are mainly on these two
aspects. Four experiments are carried out for the EMA
system. The first experiment is used to identify the
parameters of the friction model using constant angular
velocity conditions. The second experiment is used to
analyze the speed loop and validate the performance of
the proposed control strategy. The third experiment is
used to analyze the performance of double closed loop
by step response and sinusoidal signal response. Due to
the fact that the EMA system is a position tracking sys-
tem which has a requirement for rapidity, the fourth
experiment is used to validate the rapidity of the pro-
posed control strategy.

Friction parameters identification

The experimental facility for friction identification is
shown in Figure 5, which consists of a host PC, EMA
system, target PC, power, frequency response analyzer,
and a bench. The sampling time is 1 ms. The controllers
are discretized by bilinear transformation and are car-
ried out using TMS32028335 and CPLD. Meanwhile,
Xpc target system is used to monitor the output of sys-
tem by Controller Area Network (CAN) data acquisi-
tion board. The corresponding system parameters are
specified in Table 1.

kW

Frequency =4
Response
Analyzer

Figure 5. Experimental facility for friction identification of
EMA system.

Table |. Parameters of the EMA system.

Description Value Units

J 402X 107 kg m?
K 0.0276 N m/A
Ke 0.0276 V/(rads)
R, 0.386 Q

L 0.0653 mH

N 119.8
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Table 2. Static and dynamic parameters of modified LuGre model.

Rotation direction Static parameters Dynamic parameters

T. (Nm) Ts (Nm) o, (Nm/rpm) b, b, bs oo (N m/degree) o (N m/rpm)
Clockwise 8x 107 9% 102  245x 107 08 0.18 07  0.020l 0.02719
Counterclockwise 8.5 % 107* 1.8x 102  251x107° 08 0.13 07 0.0272 0.02801

x10°
4
Stribeck identification curve
31 ®* Experimental data
2t e
° [J

1r )
£
o0
IS
'_

At

CA )
2+ CR ]
L]
L)
L ]
3k
4 H H H
-500 0 500
Angular velocity(rpm)

Figure 6. Stribeck identification curve of EMA system.

Based on the constant angular velocity conditions
proposed in section “EMA system modeling,” an
experimental test is carried out at different angular
velocities ranging from # 10 to *910r/min with the
interval of 50 r/min. Using the least square method, sta-
tic parameters are obtained from Stribeck identification
curve (Figure 6). The dynamic parameters are identified
through eight experiments by double closed-loop con-
trol at different angular positions from = 0.05degrees
to = 0.2degrees with the interval of 0.05 degrees. Static
and dynamic parameters of the modified LuGre model
are shown in Table 2.

Remark. The friction torque is the equivalent torque of
the side of the motor. The friction torque of the side of
output shaft is the product of this friction torque and
the transmission rate.

Due to the differences of the nonlinear factors and
other disturbances between the positive and negative
rotary directions, the parameters of the friction beha-
vior of the two rotary directions are slightly different.
A lot of repeatable experiments have been done for fric-
tion identification. Through experimental samples and
statistical formulas, the confidence intervals of friction
parameters are obtained and shown in Tables 3 and 4.

Speed loop analysis

The system is a double closed-loop control system. The
inner loop is the speed loop, and the outer loop is the
position loop. According to the test principle, the speed
loop is analyzed first. The experimental platform for
speed loop performance test and position loop perfor-
mance test is shown in Figure 7. It consists of EMA
system, electric load simulator (ELS), and ELS control
desk. The ELS is widely applied in missile industries.
Here, ELS is used to simulate the load torque of the
EMA system. As shown in Figure 7, the EMA system
and ELS are connected mechanically by coupler, and
the direction of the ELS is reverse to the rotational
shaft.

Based on the above analysis, the following three
controllers of speed loop are compared on EMA sys-
tem to validate the effectiveness of the proposed con-
trol strategy:

1. ASMC-ESO-M LuGre. This control strategy con-
sists of ASMC, ESO, and friction compensation
proposed above. The parameters of this control-
ler through trial and error are A = 2.8, ¢ = 0.005,
kg =2.1, ks = 0.8, v =20, wy = 2000, @ = 0.5,
and 6 = 0.8. The parameters of the friction model
are shown in Table 2.

2. ASMC-MLuGre. This control strategy consists
of ASMC and friction compensation proposed
above. The controller parameters are A = 2.8,
& =0.005, k; = 2.1, k, = 0.8, and y = 350. The
parameters of the friction model are shown in
Table 2.

3. Proportional—integral ( PI). The controller struc-
ture is shown below

t
1 de(t
u(p = Ky [e0) + J e(t)dt + Td%
0

(37)

The proportional coefficient and the integral coeffi-
cient are considered as K, = 1.1 and T;, = 503.8. The
controller parameters are tuned carefully by trial and
error. The controller has no friction compensation.
Although the larger parameters of PI controller can
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Table 3. The confidence intervals of static parameters of modified LuGre model.

Static parameters

T. (Nm)

Rotation direction

bs

b,

b

o (N m/rpm)

Ts (Nm)

[0.672, 0.728]
[0.662, 0.738]

[0.171, 0.189]
[0.121, 0.139]

[0.78, 0.82]

[1.824 X 107, 1.967 X 1073 [22X 107,27 X 107°]

[7.52x 107 848 X 1079

Clockwise

[2.19X 107°,2.83 X 107]

1.877 X 1073

[1.724 % 1073

899 x 1074

[8.01x107*

[0.77, 0.83]

1

’

]

)

Counterclockwise

Table 4. The confidence intervals of dynamic parameters of
modified LuGre model.

Rotation direction Dynamic parameters

oo (N m/degree) o (Nm/rpm)
Clockwise [0.0191,0.0211] [0.0261, 0.0283]
Counterclockwise [0.025, 0.0294] [0.02764, 0.02838]

Electirc load ELS control
simulator ; desk

Figure 7. Experimental platform of EMA system.

improve the dynamic performance of the EMA system,
it will also lead to instability of the EMA system. So
there is no unfair that PI controller is adopted to com-
pare with the proposed control strategy. The anti-
windup mechanism based on a classic integrator
clamping method is adopted in the inner loop and
outer loop.

The step reference curve of angular velocity at 1000 r/
min is taken as a typical signal. Besides, it has torque
disturbance using a sinusoidal signal with a magnitude
of 3Nm and a frequency of 10 Hz from 0.3 to 0.6s, a
magnitude of 6 Nm, and a frequency of 10 Hz from 0.6
to Is. The disturbance is produced by ELS. The step
response is displayed in Figure 8. The disturbance reject-
ing ability is evaluated using standard deviation of
tracking error. Table 5 shows the comparison of con-
troller performance. Obviously, it is demonstrated that
the ASMC-ESO-MLuGre shows a faster response,
lower overshoot, and lower standard deviation with dis-
turbance. It is seen that the performance of ASMC-
ESO-MLuGre excels Pl and ASMC-MLuGre.

Position loop analysis

PI controller is selected for the position loop, and the
controller parameters by trial and error are as follows:
K,, = 79.3 and T;, = 592.5.

Disturbance rejecting ability analysis. The step response of
angular position with the disturbance is shown in this
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Figure 8. Step response of angular velocity at 1000 r/min with disturbance by three kinds of controllers: (a) step response, (b)
partial enlarged drawing from 0 to 0.3 s, and (c) partial enlarged drawing from 0.3 tol s.

Table 5. Comparison of controller.

Controller Overshoot Rise time Standard deviation Standard deviation Standard deviation
(%) (ms) (0.1-0.3 s)/rpm (0.3-0.6 s)/rpm (0.6—1 s)/rpm

PI 75 2.3 39.6233 51.5115 83.7590

ASMC-MLuGre 6.8 1.6 36.1965 42.1078 65.1359

ASMC-ESO-MLuGre 0.4 1.6 34.7349 35.0006 44,6027

Pl: proportional integral; ASMC: adaptive sliding mode control; ESO: extended state observer.

section. In order to test the disturbance rejecting ability
of the proposed control strategy, the disturbance torque
produced by ELS is added into the system at 1s. The
disturbance torque is 5 N'm. Transient response, distur-
bance rejection response, and steady-state response are
depicted in Figure 9. The performance of the EMA sys-
tem under different control strategies is shown in Table
6. It is obvious from Table 4 that the proposed control
strategy provides better dynamic performance and
steady-state performance and improves the disturbance
rejecting ability.

Small angular position tracking analysis. The sinusoidal
instruction with amplitude 1 degree and frequency 1 Hz
is taken as the reference angular position. Sinusoidal
signal response of angular position at 1 sin (277¢) degree
for each control method is shown in Figure 10. It is seen
that when the angular velocity of the EMA system is
close to zero, the PI controller cannot provide enough
torque to support the nonlinear torque derived from
nonlinear factors round the zero. The tracking curve
becomes aberrant curve and produces zero-slip shown
in Figure 10(a). Meanwhile, the position tracking curve



Advances in Mechanical Engineering

12
6
5
g 4 5.06 4
= 5.04
2 3]s 5.02 |
g 5 T
s 2f ! |
2 "bks 4.98 .
g 1 15
<1 ' 25 3
0 PI
ASMC- MLuGre
ASMC-ESO-MLuGre
-1
0 0.5 1 15 2 2.5 3
t(s)

Figure 9. Step response of angular position with disturbance.

produces stick-slip motion shown in Figure 10(b).
However, the tracking curves adopting the friction

Table 6. Performance comparison of different controllers.

compensation have a short time zero-slip of speed
tracking curve and a short time stick-slip motion of
position tracking curve. The tracking curves adopting
the friction compensation and ESO have no zero-slip of
speed tracking curve and no stick-slip motion of posi-
tion tracking curve. It can be seen that the performance
of proposed control strategy has the advantage over the
other two controllers.

Bandwidth test

Since the better disturbance rejecting ability of the pro-
posed control strategy is validated above, it is needed
to test the bandwidth of the EMA system which is a
very important index. The experimental facility is
shown in Figure 7 without load torque. Thus, no load
is added when testing response bandwidth of the EMA
system. The sweep signals produced by frequency
response analyzer are taken as the demands reference
signal of the EMA system. The magnitude of the sweep
signals is 2 degrees, and the frequency is ranging from
0.7 to 27Hz with the interval of 0.1 Hz. The response
of the EMA system is analyzed by frequency response

Controller Overshoot Rise time Standard deviation Disturbance output Disturbance setting
(%) (ms) (degrees) (degrees) time (s)

Pl 8 0.046 0.0192 0.43 0.3

ASMC-MLuGre 2.8 0.046 0.0133 0.34 0.68

ASMC-ESO-MLuGre 1.2 0.043 0.0130 0.17 0.85

Pl: proportional integral; ASMC: adaptive sliding mode control; ESO: extended state observer.
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Figure 10. Sinusoidal reference trajectories of angular at | sin (I7rt) degree: (a) angular velocity tracking curve and (b) angular

position tracking curve.
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Figure I 1. Frequency response of double closed-loop system.

analyzer. Figure 11 shows the comparison of frequency
response under the aforementioned three control strate-
gies for double closed-loop EMA system. It depicts that
the bandwidth is 22.82Hz based on PI controller,
23.01Hz based on ASMC-MLuGre, and 24.13Hz
based on the proposed controller. It can be concluded
that the proposed controller excels the other two
controllers.

In a word, the experiments show that the proposed
controller not only rejects disturbance and the effect of
friction but also increases the static and dynamic per-
formances of the EMA system.

Conclusion

In this article, a new control strategy composed of
ASMC, ESO, and friction compensation is designed
for the speed loop of EMA system to improve the per-
formance. The disturbance of EMA system is divided
into friction disturbance and residual disturbance.
Friction torque is identified and compensated first.
And then residual disturbance is estimated by ESO
which does not depend on the information on model
and compensated in the control action. ASMC is
adopted to improve the performance of EMA system
furthermore. The proposed control strategy is imple-
mented on an experimental facility using step reference
tracking of angular velocity with disturbance, step ref-
erence tracking of angular position with disturbance,
sinusoidal reference tracking at small angular position,
and frequency response analysis. According to the
obtained results, it can be concluded that the proposed
control strategy not only has better disturbance reject-
ing ability but also has better steady state and dynamic
performance.

Besides, there is still a great deal research deserves to
do in the future. Actually, we only compare the perfor-
mances of each controller in its dynamic and static
response performances, which is a conventional method
to verify a new controller. Because an allowable maxi-
mum control input is set in the controller procedures of
the three controllers to avoid damaging the EMA sys-
tem, we do not test the control power for each control-
ler. Indeed, the control power is also a comparison
criterion of each controller. We should carry out
research in this field in the future. The complexity of
each controller is really different, and the most complex
controller is the proposed controller. The parameters in
this article are all debugged by trial and error method.
The proposed controller needs to debug eight para-
meters, which increases debugging difficulty. An effi-
cient automatic parameter debugging method is also
needed to study in the future.
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