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Improving the performance of an actuator
control scheme during saturation

Chang How Lo, Hyo-Sang Shin, Antonios Tsourdos, and Seung-Hwan Kim

Abstract This paper first introduces a new control scheme for a four fin missile
actuation system. Exiting missile autopilot systems generally compute aileron, ele-
vation, and rudder commands since these three variables dominantly influence the
roll, pitch, and yaw motion of the vehicle. These commands are distributed to four
fin deflection commands and fin controller actuates the fins to track the defection
command. The performance of such control schemes can be significantly degraded
when fin actuators are saturated due to certain physical constraints, such as voltage,
current, or slew rate limit. This paper analytically proves that the proposed control
scheme mitigates this problem, so it outperforms the conventional control scheme in
the tracking performance if an actuator is saturated. Without any actuator saturation,
the performance of the proposed scheme is also proved to be equivalent to that of
a conventional actuator scheme. Numerical simulations verify the superiority of the
proposed scheme and the theoretical analysis.

1 Introduction

The performance of the actuation system plays a decisive role in determining the
performance of the flight control system, especially for a highly manoeuvrable air
vehicles [8]. The vehicles are generally controlled by fins of which defection pro-
duces aerodynamic force. However, in classical autopilot design, the autopilot pro-
duces virtual roll, pitch and yaw moment demands [2] instead of physical fin deflec-
tion commands. These moment demands are then ‘mixed’or allocated by an control
allocation algorithm to generate individual actuator commands. The actuator com-
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mands will typically be tracked by their individual actuator controllers. Common
problems faced in the actuators are that they may be saturated due to their physical
constraints such as voltage, current, or slew rate limit. These problems can result in
the significant performance degradation of the flight control system, or worse still,
destablize the entire system.

Many approaches have been proposed to tackle this problem. One way is to treat
this as a control allocation problem, and methods such as redistributed pesudo in-
verse [10], dynamic control allocation [5], and direct allocation [4] have been de-
vised to optimally handle these actuator constraints. However, many control allo-
cation methods do not track the actuator’s actual performance, and thus possible
deviations from the desired autopilot virtual commands can happen whenever there
are unexpected degradations in the physical actuator due to faults, or disturbances.

In the design aspect, numerous control methodologies have been researched on in
designing control schemes to handle actuator saturations and constraints with con-
siderations on the stability, domain of attraction, and performance of actuation sys-
tem. Extensive reviews and design methodologies of them can be found in Ref. [1]
and Ref. [6]. In a typical conventional actuator scheme, each actuator has a dedi-
cated controller to track its assigned command from a outer control loop. Practical
implementations of such schemes are commonly found; an example is Ref. [11].

However, many of these methodologies aim at the design of a single actuator, and
not as an actuation system. This may not fully exploit the analytical redundancies
found in many systems to improve on the performance, or enhance its robustness to
faults.

In our previous study [8], a new alternative actuator control scheme for a four
tail fin controlled missile is proposed to alleviate the performance degradation re-
sults from actuator saturation. To utilize the analytically redundant actuator, the pro-
posed scheme regulates the error in the virtual moment space rather than the physical
fin deflection space. This alternative approach contrasts with ideas from Ref. [12],
where linear in-line filters are used to exploit the actuator redundancy space to alle-
viate input rate and magnitude saturations.

This paper extends on our previous work in Ref. [8] to theoretically analyse the
performance of the proposed actuator control system, which presented simulation
results without formal proof. The main aim of this analysis is to analytically show
that the proposed scheme outperforms the conventional actuator control scheme un-
der actuator saturation. The performance index for the analysis is defined as the
magnitude of the actuator tracking error, since the smaller the tracking error is,
the better the performance is. From the analysis, in unsaturated operation region,
it is proved that the performance of the proposed scheme is equivalent to that of
a conventional scheme. The superior performance of the proposed scheme is also
proved when one actuator is saturated. Simulation results verifying the analysis is
then shown.

The organization of the rest of the paper is as follows. A description of the con-
ventional and proposed control schemes are presented in Section 2. The main results
of the paper are presented in Section 3, where the two control schemes are compared
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analytically. In Section 4, the simulation setup is described, and simulation results
verifying the analysis are shown. Finally, the paper is concluded in Section 5.

2 Description of Control Scheme

2.1 Conventional Control Scheme

Figure 1 shows a conventional actuator control architecture for a four tail fin con-
trolled missile. A classical autopilot outputs virtual command O, in the roll, pitch
and yaw moment space to the actuators. These commands are then allocated or
mixed to individual actuator’s controller for tracking by their local controller. The
response achieved from actuator controllers in the moment space can be found by
deallocating the individual actuator response as a measure of the control perfor-

mance.
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Fig. 1 Conventional Actuator Control Architecture

The closed loop transfer function for the conventional actuator control scheme
for the autopilot demands is

_ Om(s)
"~ Ome(s)

KK;G
=Pca (I—i—KKSG) Bea (1)

Gols)

where Ope = [S,C Ope SyC} T is the virtual control demand from the autopilot,0p =
[5, Op Oy ] T is the resultant response from the actuators in the virtual space, K =
diag(K;) is the actuator controller. The i actuator is described by two terms: a linear
actuator model G;, which is preceded by a physical voltage constraint Kj;. The four
actuators can be combined mathmatically as G = diag(G;) and K = diag(K;s). Kis
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is the standard saturation function to describe the physical voltage input constraint,
V.. In frequency domain, the nonlinear saturation function can be represented as

Kis - 1, |VC‘ S Vmax (2)
0<Ki <1, Vel > Vinax 3)

It is assumed there is no unstable pole zero cancellation in the system. For a four
tail fin missile under consideration here, the control allocation matrix is

0= Bca 5m
81 11 -1
1e)
| |11 1 ¢
| [1-11 gﬁ’ @)
o4 1-1-1 '
and the deallocation matrix P¢, being
1 11 1
Pca,:Z 1 1-1-1 (5)
—11 1 —1
with
PeaBea =1 (6)

or P, being the pseudo inverse solution of B¢,. The control allocation matrix is
obtained by considering the resultant torque generated by each actuator’s position
from the aerodynamics point of view.

2.2 Proposed Control Scheme

Figure 2 shows the control scheme first proposed in our previous study [8]. Here,
the actuator control scheme regulates the tracking error in the virtual moment space
space before control allocation. This contrasts with the conventional control scheme
regulating the physical tracking error of each individual actuator. The closed loop
transfer function of the proposed scheme can be derived as

~ KPu,KGB
I+ KP,KsGB

Gn(s) )
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Fig. 2 Proposed Actuator Control Architecture

3 Comparison of Control Schemes

The comparison of the two control schemes is divided into two cases: linear (non-
saturating) case, and when one actuator is saturated.

3.1 Non saturation case

Replacing K;; with unity gain in Equations 1 and 7, and assuming the actuators and
their controllers are similar G; = G and K; = K, it can be verified that both control
schemes can be reduced to the following linear transfer function:

100
Om(s) _ GK 147 (8)

dme(s)  GK+1 |40

The significance of this case is to show the two control schemes are equivalent
during nominal operation, and proof that the improvement in performance of the
proposed scheme shown later is not due to increase in gain. In practice, this may
reduce the amount of design analysis needed to convert from the proposed scheme
for any existing actuator scheme.

3.2 One actuator saturation case

Next, the analysis is extended to the case when one actuator is saturated during
operation. First, assume Actuator Number 4 is saturated. This can be represented by
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100 0
010 0

K = 001 O ©)
00 0 Ky

where K4; < 1. Substituting Equation 9 into Equation 7 for the proposed scheme,
and rearranging with Equation 5 reveals

GK
o = (GKH) e
N K4s—l _11 grc
K (G+3GKy)+4) | P

1 Oye
_ (GK) 5.
GK +1

1 Ky —1
Z : . 1
+4<K(G+3GK4s)+4) % (19)

GK
O = (GK+1> Ope

K4.\'*1 ! 5rc
- 1 Spe
K (G+3GKy) +4 : 5
yc
(o)
GK +1
1 Kys—1
_4(K(G+3GK4X)+4> Ouc (D
GK
o= <GK+1> %
T
Kis—1 R
+ 1 Spe
K (G+3GKy) +4 1 s
yc
GK
B (GK+1> %
1 Ky —1
g (K(G+3GK4S)+4) Orc (12)

Equations 10 to 12 show the effect of actuator saturation. The first term on the right
hand side of these equations is the nominal unsaturated performance of the actua-
tor, while the second term is the additional dynamics introduced by the saturated
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actuator. For the conventional scheme, similar relationships can be obtained by ma-
nipulating Equation 1 in the same manner to obtain Equations 13 to 15:

GK
ar: Per— 5rc
GK +1
T
b Kl —11 ;
4GKKi+4) | |
GK
(-2 ).
GK+1
1 Ky — 1
e s 1
*3 (4GKK4S+4) Ouc (13)
GK
5P—(c;z<+1) Ope
T
K4S_1 -1 5rc
2 )1 Spe
4GK Ky +4 1
GK
= —_— 6])(‘
GK+1
1 Ky — 1
w(W) Orc (14
GK
5y—(az<+1) %
-1
K —
+ 4s 1 1
A4GK Ky +4 1
GK
—(GK+1) %

1 Ky —1
1 Sie 15
4<4GKK4S+4> N (15

Similarly, the effects of actuator 4’s saturation can be accounted for the conven-
tional actuator scheme. The second term on the right hand side of Equations 13 to
15 is the detrimental contribution by the saturation.

Comparing between the proposed and conventional schemes, it can be seen the
numerator of the saturation dynamics for both schemes are the same at (K45 — 1)
from Equations 10 to 15. Now, comparing the denominator of conventional and
proposed scheme, it can be seen that

.
5% S

o

o o
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(4GKKys+4) < (GK +3GKKys +4) (16)

by noting that K4; < 1 during actuator saturation. This implies the magnitude of
the effect caused by the saturation term for the conventional scheme will be bigger
than the proposed scheme. The alleviation in actuator saturation in the proposed
scheme in this case is due to the availability of actuator redundancy, which enables
the controller to increase the commands of the other non-saturated actuators.

The same results are obtained when saturations occur with other actuators in
the control scheme. For the single actuator saturation case, the proposed control
scheme’s results in Equations 10 to 12 can be generalised to

GK

amc = GT—H (I+PcaDBca) 5m (17)

with the appropriate actuator being saturated, and the other Kj; being equal to 1. For
the proposed actuator scheme, D is defined as

. Kis—1
D = diag |4 : 18
’ag{ (KG+3GKK,-S+4>} (18)

Similarly, the corresponding single actuator saturation case using conventional ac-
tuator control scheme’s results, described in Equations 13 to 15, can be generalised
to Equation 17, with D defined as

Ky—1
D =diag |4 —5 1 1
mg{ (4GKK,-S+4)] (19)

The generalizations here assumes the structure of B¢, and Pe,, and their relation-
ship described in Equations 4 to 6. Overall, one can see that the proposed scheme
is superior to the conventional scheme, as the magnitude of D in Equation 18 for
the proposed scheme is smaller than the magnitude of D in Equation 19 for the
conventional scheme. Next, simulations results are presented.

4 Simulation

4.1 Simulation Model

The actuator plant used in the simulation is described in [8], which is shown in
Figure 3. The plant is a typical DC motor with gearing, and explained in Ref. [3].
The parameters used in are detailed in Table 1.

A cascaded two loop controller shown in Figure 4 is used to provide good control
performance of the actuator plant from Ref. [8]. The control law is
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Table 1 Actuator plant parameters used in the simulation
Parameters Values Parameters Values

Kr 0.303125 Ky 5.7333x10°°%

L 0.35x 1073 H 0

R 0.933 Viim 28

J 8.5354 x 1077 N 274

B 2.0835x 107

Va(t) = K, (8:(t) — 8(t)) — Ky (5(;)) (20)

where J,; is the commanded deflection angle, and K, =6 and K; = 0.02 are gains for
the control law. The reference command used in this simulation is a sinusoidal input
at 0.3 rad/sec as input virtual commands for all 3 virtual demands. This continuously
changing reference input allows for visualisation of the differences between the two
control schemes.

H
N
Viim )
1
y, —s jC + Kr + 1 | ) l L 5> 5
|Ls+R Js+B s N
~Viim
1 .
K — 6
5 N
Fig. 3 Actuator plant model used in the simulation
+ +
—0—> >
66‘ A KP I/C

Fig. 4 Controller used for controlling the actuator plant used in the simulation
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4.2 Simulation Results

The unsaturated simulation results are first shown in Figures 5 and 6. The two con-
trol schemes perform exactly the same as expected from theoretical analysis pre-
sented earlier.

degree

degree

degree

0.5 1 15 2 25 3 35 4
time (seconds)
proposed —-— - conventional

| Yirtual Command

Fig. 5 Simulation results showing the 2 control schemes having exact responses when there is no
actuator saturation events. The blue line is the proposed scheme, green dotted line is the conven-
tional scheme, and red line is the virtual command

To simulate the effect of actuator saturation, the maximum voltage input level for
Actuator Number 2 is reduced by 90 percent of its original value. This can also be
thought of the actuator having a fault to reduce its effectiveness.

Figure 7 shows the simulation results with Actuator Number 2 voltage range re-
duced. The proposed scheme is able to track the virtual demand relatively well for all
three virtual demands. In contrast, the conventional scheme shown with green dot-
ted line exhibits poor tracking consistent across the three virtual demands. Figure 8
shows the individual actuator responses for the same simulation. It can be seen the
proposed scheme is able to exploit the available actuator capability when actuator
2 is saturated to improve the performance over the conventional scheme. This also
implies the need for the remaining healthy unsaturated actuators to have remaining
actuator margins in physical constraints for the proposed scheme to exploit.
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Actuator 1 demanded voltage beyond limit
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Fig. 6 Simulation plots showing no saturation results showing the 2 control schemes having exact
responses when there is no actuator saturation events. The blue line is the proposed scheme, green
dotted line is the conventional scheme, and red line is the virtual command

5 Conclusion

Analytical analysis of a proposed actuator control scheme over conventional control
scheme is presented. By directly regulating tracking error in the moment space, the
change in the control variables over conventional actuator control schemes improves
the tracking performance during actuator saturation when there is available actuator
redundancy available. The proposed scheme is shown to be superior in performance
when one actuator is saturated with smaller magnitude in the error dynamics. This
is due to its ability to utilize the available redundancy to reduce the performance
degradation. Simulations verified the theoretical analysis.
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Fig. 7 Simulation results for 1 actuator saturation case. The blue line is the proposed scheme,
green dotted line is the conventional scheme, and red line is the virtual command
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Fig. 8 Individual actuator responses for 1 actuator saturation case. The blue line is the proposed
scheme, and green dotted line is the conventional scheme. The red line shows the unsaturated
reference signal from previous simulation in comparison.
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