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Consensus Vibration Control for Large Flexible Structures of Spacecraft
With Modified Positive Position Feedback Control

Naiming Qi, Qiufan Yuan™, Yanfang Liu, Mingying Huo, and Shilei Cao

Abstract—In this brief, consensus modified positive position
feedback (CMPPF) is proposed to depress the vibration of large
flexible structure in the spacecraft. CMPPF is formulated by
decentralizing and distributing the modified positive position
feedback (MPPF) to a network of control agents. Variables are
appropriately selected and the consensus algorithm is employed
to make the multiagents consensus with each other. CMPPF
convergence conditions are derived and the control parameters
are optimized. Amplitude-frequency response analysis and simu-
lations demonstrate that CMPPF suppresses vibrations faster and
more evidently than MPPF. Results also indicate how consensus
between agents is realized and how agents’ disagreement is
eliminated. Effects of different consensus variables and different
communication topologies are studied. Meanwhile, results for
different types of agents’ failure are presented. CMPPF is
robust to topology and agents’ failure and achieves satisfactory
performances.

Index Terms— Active vibration control (AVC), consensus con-
trol, flexible spacecraft, large flexible structures, modified positive
position feedback (MPPF).

I. INTRODUCTION

ITH rapid development of space technology, the struc-
Wtures in spacecraft are becoming larger and more
flexible. New kinds of spacecrafts, such as space solar
power plants and satellites with large flexible antennas, have
extremely low vibration frequencies [1]. During the orbit keep-
ing and attitude maneuvering, the disturbances from thrusters
continuously excite the vibrations of the flexible structures [2].
In fast tracking and high-precision pointing tasks, the continu-
ous force vibrations of flexible structures worsen the precision
of attitude control and need to be suppressed.

Active vibration control (AVC) is an efficient way to sup-
press the vibration. In centralized AVC, there is only one
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controller referred as the central controller, which collects all
the measured signals and computes all the control signals.
Many efficient centralized control methods have been pro-
posed, such as velocity feedback, resonant control, positive
position feedback (PPF), and modified PPF (MPPF) [3], [4].
PPF is efficient for free vibration, but not for force vibration.
Single-mode MPPF, proposed by Mahmoodi [4], reduces the
force vibration to less than 23%. Some new control methods
are proposed based on MPPF, such as adaptive MPPF and H
MPPF [5], [6]. Besides, the advanced optimal methods, such
as the linear quadratic regulator control and the pole placement
method [7]-[10], are combined with AVC.

Although many efficient centralized active vibration con-
trollers have been proposed, they have two limits for the large
flexible structure. First, the sufficient computational power is
required to handle the large number of actuators and sensors.
Second, the disagreements of different actuator/sensor pairs
worsen the control performance.

To deal with these two problems, the consensus algorithm is
applied to AVC [11]-[13]. The consensus algorithm has been
applied to many fields, such as the formation of unmanned
aerial vehicles, robots, and satellites [14]-[17]. Among these
fields, a large number of control agents collaborate with each
other through two-stage control scheme [18]. An individual
control algorithm is working at each agent stage. The con-
sensus algorithm is realized in the network topology as the
consensus stage. With this consensus algorithm, the calculating
pressure is decentralized and different agents reach consensus.
For multiagent AVC systems, the consensus PPF (CPPF)
employs the consensus algorithm to enhance the individual
PPF in each agent [11]. It consists of second-order filters
and is more efficient and robust than the PPF controller.
Compared with CPPF, the integral consensus controller (ICC)
is simpler [12]. It employs the parallel first-order integrator
filters and achieves the similar vibration suppression effect.
Unlike that, the leader—follower consensus method utilizes a
virtual leader and all agents follow it to enforce the vibration
amplitude to zero [13]. It provides a better suppression effect
than CPPF.

To supplement the existing research, the CMPPF controller
is proposed in this brief as a combination of a very low-
damping CPPF and an ICC. It consists of parallel second-
order filters and parallel first-order integrator filters. In other
words, CMPPF employs the consensus algorithm to enhance
the MPPF controller. The individual controller is MPPE,
decentralized to distribute on a network of control agents.

The development of CMPPF is to meet the needs of
efficient vibration suppression for large flexible structures
in the spacecraft. CMPPF constructs a multiagent control
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Fig. 1. Air-bearing experimental system for large-flexible spacecraft.
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Fig. 2. Cantilever beam with control agents.

system, which is applicable for vibration control with the
large numbers of actuators/sensors. This characteristic meets
the needs of vibration control of large flexible structures.
As the individual controller is MPPF, CMPPF is also very
efficient to suppress the force vibration. Vibration amplitudes
of the flexible structures can be largely reduced by CMPPE.
Thus, the attitude control precision and stability are improved.
As an extension of application, CMPPF can also be applied
for synchronous vibration suppression of complex flexible
structures, such as multisegment large flexible structures.

The remainder of the brief is organized as follows.
In Section II, large flexible structure dynamics is modeled
under the multiagent condition. In Section III, multiagent
multimode MPPF controller is described. Then, the CMPPF
controller is proposed. Convergence condition and parameters
optimization are discussed. In Section IV, amplitude-frequency
response (AFR) and simulations are carried out to verify the
effectiveness of CMPPE.

II. MULTIAGENT MODELING OF LARGE
FLEXIBLE STRUCTURES

As shown in Fig. 1, the experimental system is used to
study the vibration control of the large flexible spacecraft.
The cantilever beam is the simplified structure of large flexible
structures, such as solar panels and antennas. The composition
of vibration control system is shown in Fig. 2. Piezoelectric
layers are bonded to the beam in a collocated manner and
perform as actuators and sensors. The system consists of
several agents through a topological network. Each agent
consists of an actuator, a sensor, and a controller chip. Each
controller chip contains a charge amplifier, a computer, and
a piezoelectric driver. The charge amplifier’s output voltage
is proportional to the stress in the sensor. The piezoelectric
driver enlarges the control voltage to the driving voltage for
the actuator.

The communication topology network is determined by the
physical connections between agents. The adjacency matrix
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TABLE I
MATERIAL AND STRUCTURAL PROPERTIES
Parameter Value
Density 2770 kg/m3
Plate Thickness 0.002 m
Young’s modulus 70 GPa
Damping ratio 0.003
Material PZT-5X
Thickness 0.0002 m
. Length 60 mm
Piezo patches Width 20 mm
Young’s modulus 61 GPa
Piezoelectric coefficient —320 PC/N

of the topology is introduced as Ay = {a;;} € RM*M with
ajj = 1 if there is a communication edge from agent j to agent
i, namely, agent j is the parent of agent i, otherwise a;; =0
and a;; = 0 with i € 1,..., M. The in-degree matrix is
D, = diag{D;} and D; = > (Ay;), Ag; is the ith row of Ay.
And the Laplacian matrix is defined by L = Dj, — Ad. L
describes the information exchange between different agents.

A simulation model is described here to provide a clear
picture of the application. It is the same as the flexible structure
in the experimental system, as shown in Fig. 3. Materials
and structural properties are listed in Table I. Four agents are
bonded on the surface of the beam. Actuators and sensors
are defined as A; to A4 and Sy to S4, respectively. Another
two actuators A, are bonded at the root of the beam to add
disturbance. The corresponding finite-element model is built
by the finite-element method (FEM) software Abaqus, with
C3D10 element type, 7998 elements, and 15906 nodes. After
imported to Adams, the FEM model is used to verify the
controller based on Adams/Simulink co-simulation technique.

Considering the M actuator/sensor pairs and the first
N modes, the state-space form of the vibration control
system is

§(0) + Hq(t) + q ) = ¥ ut) + Yad (1)

1
y() =V¥q(@) M

where ¢(f) is the vector of modal coordinates, y(f) € R is
the vector of the amplifier’s output voltages, and u(t) € R is
the vector of the control signals. H = diag(nx), nx = 2¢kwk
with ¢ and wy the damping ratio and modal frequency, respec-
tively. & = diag(wy). k € {1,2,..., N}. d(t) and ¥, are the
disturbance and the vector of disturbance gains, respectively.
¥ e RMXN with the element at row i and column k is

wik, ik = x(pp(xi1) — ¢;(xi2)), where x;; and x;» are
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x-coordinates of the start and end points of the ith agent,
x is a constant related to material parameters and the gains of
the piezoelectric driver and the charge amplifier, and ¢ (x)
is mode shape function. The dynamic model is a coupled
system as the ith actuator’s input u; (1) affects the jth sensor’s
output y;(z) through the flexible structure, i # j, i,j €
{1,2,..., M}.

The first three bending modes and four agents are consid-
ered in (1), namely, N = 3 and M = 4. wy is calculated
directly by the FEM software Abaqus. The calculation of
wikx (x) has two steps: first, discrete data of ¢ (x) is extracted
from Abaqus. Second, the analytical expression of @i (x) is
obtained by polynomial fitting, then ¢, (x) is derived through
differentiate derivation, and then i (x) is calculated. x is
calculated and verified by comparison with the physical sys-
tem. Readers can refer [19] for the calculation method of «.
Parameters are given as

Q = diag(0.2745,2.9446,9.2524) x 27 (rad/s)
H = 29 x diag(0.003, 0.003, 0.003)

0.0717 -0.7374  1.9776

v - 0.0699 —0.5958  1.2029 ?)
0.0665 —0.4444  0.4020
0.0630 —-0.2977 —-0.3216

Let d(¢) be the voltage signal applied to Ay, and ¥y =
T
[y, .., yN].

I1II. CMPPF CONTROLLER DESIGN

A. Multiagent Multimode Controller
MPPF controller of ith agent and kth mode is

fiik () + nerfrik (t) + 0% pwir(t) = w0 i (1)
ik () + ockvik (t) = ek yi(t)
uik () = aix wix (t) + Pikvik (1)

3)

where a;; € R and fjx € R are controller gains, #cx = 2¢ck@ck
with (o and o being the damping ratio and frequency
of controller, respectively. The first equation is the stiffness
compensator providing large feedback value of u; for enough
reduction of force vibration amplitude. The second equation is
the damping compensator for high damping ratio. As discussed
in [4], the damping ratio and the frequency are chosen as
Cek K Ck and wck = wy, respectively.

Generally, a finite-number modes N, < N are considered.
The multimode MPPF for M agents is described as

() + Hefu(1) + R2p(1) = Y (1)

V() + Lev(t) = LY (1) (4)
u(t) = Ap(t) + Bv(t)
where w(t),v(t) € RMNx1 ' H. = diag([H,, ..., Hy,)),
Q. = diag([Q1,...,2n.1), A = diag([A1,..., Ax.]), and

B = diag([B1,..., BN1). Hx = nedu, QU = ocly,
Ar = diag(laik, ..., omk]), Bx = diag([Bik, ..., Buk])-
Y(t) = 1y, ® y(t), y(t) € RM, where ® represents Kronecker
product.
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The convergence condition of MPPF is

aix >0, Pix >0
S ®
Q2 _¥T(A+ B >0

where ¥ = 1y, ® W, i € 1,2,...,M, k € 1,2,...,N,.
Matrix % > 0 means * is positive-definite [4], [5].

B. Consensus Algorithm Design

In multiagent MPPF, individual controllers are unrelated
with each other as no information exchange between different
agents. Thus, there is disagreement between agents due to
different locations and control parameters. If the consensus
algorithm is applied to realize information exchange between
different agents, individual controllers can work cooperatively
to reduce the disagreement, and better performance will be
achieved.

For kth mode and ith agent, the consensus algorithm is
described as

M
fiik + Mefik + O pik = Zaij(Aﬂijk + Auiji)
i—1
o ! (6)
Vix + opvix = Zaij Avijk
i=1

. ik . ik - ik :
where, Afuijk = ¢ fijk — i fties Apije = i k= €if ik,
and Avjjp = ¢l Vik — c,’f‘vik ~c;.tk, ch and cf)k € R are the
communication gains.

The objective of the consensus algorithm is

Wik, @7 W2k -+« 5 MK —> [k
ks 22k -+ s AME = flk o
Vlks V2ks - - » VMK —> Vk
t —> o0
B . - " B .
where [y = c;lk,u,-k, Lik = C;'; ik, and v = c,’,kv,-k are

chosen as the consensus variables.
CMPPF is derived from (3) and (6) and expressed in an
integrated form with M agents and first N, modes

ji+ (H — L)+ (@2 — L) = 2¥
v+ (R — L))y =Y
u=Ap+ By

)

where L, = diag([Li-}), R LLN‘)]), LLk) = LC,Sk), and
C;lk) = diag([c}lk, AU cg’lk]). L, and L, are constructed in
the same way as L.

As the topology is determined by the physical connections,
it should meet a certain condition before the controller design.
The condition is given in [20] and reviewed as following. The
algorithm expressed by (6) can reach consensus if and only
if the topology described by L contains a directed spanning
tree. In other words, a subset of the edges exists such that one
agent is the parent of the rest of the agents. Thus, L should
satisfy that only one eigenvalue is zero and all the others are
positive.
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C. Convergence Condition

Derived from (1) and (8), the closed-loop system is
described as

q [a] _[a Yad
o|+H|o|+20|=]| 0 9)
0 o o 0
where
_ [H 0 0
H=|0 H -L, 0
_0 0 ImeC
) Q2 —wTg4 —¥Tp
Q=|-v @-L, 0
| —Q.¥ 0 Q. —L,

Theorem 1: For ig,k), i(-k), and /If,k) are the maximal eigen-

value of matrix Lg,k), Lg(), and Ll(,k), respectively, the closed-
loop system described by (9) is asymptotically stable if and
only if

aix >0, Bix>0

/li'ek) <, AL <o, 20 <o (10)
Q2 WA+ B)W¥ >0
where
A=A(lyxn, — L, 272"
B =B(Ivuy, — L2 (11)

kel,2,...,N..

Proof: The closed-loop system described by (9) is asymp-
totically stable if and only if [19]

H>0, €>0. (12)

Necessary conditions to (12) are H. — L; > 0, and £, —
L, >0 & 22— L, > 0. Then 1 < . 2 < & and
i](,k) < W

If D is inversible, the Schur complement of the block D of
A B .

the matrix M = [C D is

M/D:=A—-BD7'C.

M > 0 is equivalent to D > 0 and M/D > 0. The
equivalent condition of £ > 0 can be derived using Schur
complement

> - ¥ (A+ BV > 0.

Theorem 1 is proved.

D. Consensus Parameters Optimization

In real applications, the internal control parameters Ay and
By need to be adjusted for each agent. To reduce the com-
plexity, the differences between internal control parameters
are not taken into consideration. Thus, all agents share the
same set of internal control parameters, namely, Ay = oyl
and By = Bl with I € RM*M_ However, as they play
different roles in the network, communication gains C,,, Cy,
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and C, for different agents that are treated to be different.
The system is easy to expand such as change of the number
of agents, as communication gains are the only parameters
need to be adjusted during expanding, rather than the internal
control parameters.

AFR is used to evaluate the control performance. If G.(s)
is a closed-loop transfer function, AFR amplitude with the
unit “dB” is [|G.(s)|| = 20log(|G.(jw)|), where j is the
imaginary unit, o € [0, 00). Lower AFR amplitude means
lower amplitude of vibration with the same disturbance.

Derived from (1) and (8), the closed-loop system from the
disturbance to ith sensor is rewritten as

X = AconsX + Beonsd
yi = Cloyox

cons

13)

where Acons contains o, Sk, C:-lk), C/(lk), and C,gk)

*= [Q1’q.1’...’QN’q.N’lulﬂldlavla-o~9/uM9/-.lM,UM]T
Bcons = [0, wa1,...,0, WdN,03MN‘«‘]T
Cions = [vi1,0, ..., win, 0, 03MN‘:].

The closed-loop system described by (13) is expected to
have not only the smallest supremum of response amplitudes
but also the smallest response amplitude at the control fre-
quency. These criterions are described as Hy, norm and the
AFR amplitude at the control frequency, respectively.

Closed-loop transfer function from d to y; is

Gi(s) = Céons[SIZNJriiMNc - ACOI’IS]ilBCOHS‘ (14)
Ho, norm is described as
1Gi(s)lloc = 20log(sup omax (G (j®))) (15)
w

where gmax 1s the maximum eigenvalue.
The AFR amplitude at control frequency wy is described as

1Gi ()Ml = 20l0g(1G i (jeor)l)- (16)

First of all, the controller gains ay and Sy are chosen based
on (15) and (16). G;(s) is transformed to the closed-loop
transfer function of multiagent MPPF if C,, =0, C;, = 0, and
C, = 0. Proper values of a; and fj are calculated to meet
1Gi($) e, < Gy, and [|Gi($)llo < G- G, and G7; are the
target values corresponding to the desired control performance.
Then let C, # 0, C;; # 0, and C,, # 0, G;(s) describes the
ith closed-loop transfer function in CMPPF.

The optimal target function is defined as

m Ne
Jeons = Z()’oo”Gi(s)”oo + Z Yk ||Gi(S)||wk). (17)
i=1 k=1

The ||G;(s)||cc represents the maximum AFR. While the
[IG;(s)|le, provides AFR at control frequencies. Thus, para-
meters yo and y, in (17) provide a balance between
[1Gi(s)|lo and [|Gi(s)||lw,- The higher y. is, a smaller
[|Gi(s)||loo Will be obtained. During the minimization of J.os,
different results of consensus parameters C/(.lk), CLk), and C,Sk)
will be obtained and different control performances are real-
ized with different y» and y,. Several iterative adjustments
of y and y,, are usually needed based on experience and the
design requirement.
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Fig. 4. Communication topology of the CMPPF agents.

IV. SIMULATIONS AND RESULTS
A. Controller Design

Three bending modes are considered in the dynamic model
in Section II, namely, N = 3. In order to determine the control
modes, a maneuver experiment is performed and the vibra-
tion of the flexible structure is measured. Through the fast
Fourier transformation (FFT) analysis of measured data from
the sensor §p, first two modal vibrations are excited with
corresponding FFT peaks, and the third and above modal
vibrations are not excited with no corresponding peaks. Based
on this, the first two modes are mainly considered in controller
design, namely, N, = 2.

Based on the discussion about L in Section III-B, a com-
munication topology with a directed spanning tree is shown
in Fig. 4. The corresponding Laplacian matrix is

3 -1 -1 -1
0 1 -1 0

L = 1 0 | 0 (18)
-1 -1 -1 3

Based on (5) and [4], a maximum value of (a1+f140a2+/2)
is calculated

Mpnax = O'max(ﬂz(‘l"l’T)ily (19)

The values of Gj, and G7; are chosen as —70 and —30
dB, respectively. Small value of a; and large value of fj are
chosen to satisfy |G (s)llw, < G, and [|Gi(s)]lc < G

o1 = oy = 0.3Mpy,x = 1.4020

20
ﬁl == ﬁZ = 4Mmax = 37.3872. ( )

Let yoo = y» = 1, consensus parameters in CMPPF are
calculated
(€ = diag(0.0007, —0.0262, —0.0788, —0.0987)
Cf.f) = diag(0.0040, —0.1000, —0.0857, —0.0901)
C') = diag(0.0025,0.0848, —0.0704, —0.0627)
C? = diag(0.0968, 0.0986, —0.0622, —0.0021)

M — diag(—0.0995, 0.0246, —0.0996, 0.1000)
C'? = diag(0.0691, 0.0794, 0.1000, 0.0931).

21

AFR from A, to Sj is analyzed to compare MPPF and
CMPPE. a1 and B2 in (20) are used in MPPF, while para-
meters in (20) and (21) are used in CMPPFE. AFR amplitudes
of closed-loop transfer functions of MPPF and CMPPF are
shown in Fig. 5. “NC” means noncontrolled system in the
legend. The AFR amplitudes of CMPPF and MPPF are much
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Fig. 7. Measured voltage of Sy controlled by MPPF and CMPPE.

lower than that of noncontrolled system at the resonant fre-
quencies. The AFR amplitude of CMPPF is —98.46 dB, lower
than —70.34 dB of MPPF at 0.2745 Hz. The AFR amplitude of
CMPPF is —103.30 dB, much lower than —78.48 dB of MPPF
at 2.9446 Hz. More than 20 dB is further reduced by CMPPF
at both resonant frequencies. Fig. 6 shows the subfigures in
Fig. 5. There are two unexpected peaks in the curves of MPPF
at p1(0.2739, —45.39) and p»2(2.941, —55.32), due to the
disagreement between different agents in multimode MPPF.
The two peaks do not exist in single-agent MPPF designed
in [21]. However, the two peaks do not exist in the curve of
CMPPF in Fig. 6. Results indicate that CMPPF successfully
eliminates the disagreement between agents.

B. Simulation Result Without Agents Failure

Numerical simulations are carried out by applying periodic
disturbance dj to Ay

dg = 10sin(w;t) + sin(wat) (22)

where w1 = 0.2745 Hz and w, = 2.9446 Hz. In the following
figures and variables, subscribes (m) and (c) represent MPPF
and CMPPF, respectively.

The root torque is a key indicator for the vibration of the
flexible structure in spacecraft. Let V| = y1, V| is proportional
to the root torque of the flexible structure. It is used to
evaluate the controller performance in Figs. 7 and 8. In Fig. 7,
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Fig. 9. Generalized modal coordinate g1 in MPPF and CMPPF.
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Fig. 10. Generalized modal coordinate g in MPPF and CMPPE.

Vim and Vi, are the amplitude of Vi of MPPF and CMPPF,
respectively. They have the amplitudes of 9.045 V before
200 s due to the force vibration of the flexible structure.
After control is added at 200 s, the amplitudes are rapidly
attenuated by CMPPF (V}.) and MPPF (V). Fig. 8 shows
the details after 200 s. The amplitude and the time reaching
steady state are defined as a steady-state amplitude (SSA) and
steady-state time. SSA of Vi, is 1.05 x 10~* V after 2000 s,
while that of Vi, is 3.26x 1073 V after 5000 s. Clap-frequency
vibration (CFV) is found in V7, before 5000 s. CFV is obvious
when the difference between two frequencies is less than 20%
of the average frequency as described in [22]. Its curve has
nodes (n) and antinodes (an) as shown in Fig. 8. CFV leads
to the slow attenuation process of MPPFE. It reflects the effect
of the unexpected peaks, whose frequencies are near to the
disturbance frequencies.

Generalized modal coordinates g1 are given in Figs. 9
and 10. g1 in MPPF shows the CFV at first modal frequency
before 5000 s. g; in MPPF reaches SSA 0.0436 after 5000 s,
while g1 in CMPPF reaches SSA 0.001 after 2000 s. The
amplitude of g is much lower than that of g;. There is also
a CFV before 1000 s in MPPF. g» in MPPF reaches SSA
4.0 x 104 after 1000 s, while g2 in CMPPF reaches SSA
6.0 x 1073 after 300 s. Both g; and ¢» are faster and more
attenuated by CMPPF.

The disagreements of consensus variables are quantified by

their standard deviations of four agents. s,(lk), 50(/2, and sS") are
the standard deviations of {z 1k, . .., L4k}, {/Tuk, R ﬁ4k}, and

{Vik» ..., var} for the kth mode, respectively. Figs. 11 and 12
show the upper envelopes of s,(ll’z), sfilﬂ’z), and s5]’2),

respectively.
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For the first mode, sf,l), sﬂ(ll), and sS” reach steady-state
values after 2000 s in CMPPEF, while it takes 5000 s in MPPFE.
Quicker convergence processes and lower steady-state values
are achieved by CMPPF than MPPF. For MPPF, there are some
fluctuations in the curves before 5000 s, especially in sﬂ(llﬂ).
These fluctuations are not found in CMPPF.

For the second mode, both s/(lz) and 55(12) reach steady-state
values after 300 s in CMPPF, while it takes 1000 s in MPPF.

The steady-state value of sﬁ) of CMPPF is lower than that of

MPPF. However, the steady-state value of s,(,Z) of CMPPF is
a little higher than that of MPPF. Even so, lower amplitude
of g7 is achieved by CMPPF than MPPF (Fig. 10). Based on
this, we can infer that the convergence of s, u has stronger

effect on controller performance than that of s,(f) .

sﬁz) of MPPF reaches steady-state value after 5000 s, while
that of CMPPF reaches slightly lower steady-state value after
2000 s. This result indicates that sl(,z) is affected by the first
modal vibration control. However, s£‘=2) is much lower than
sc(llﬂ’z) and s,(,m) both in MPPF and CMPPF. It means that there
is consistency in vj; even without the consensus algorithm.

Judging from all evidence offered, we may reasonably
deduce the conclusion that the better performance of CMPPF
comes from the consensus of the chosen consensus variables.
In the simulation example, the order of importance of con-
sensus variables is /’Tlik > Uik > Vik, sorted by the effect on
vibration control.
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C. Simulation Result With Agents Failure

Further simulations are carried out with one or two agents
failure. The ith agent failure means the computer in the ith
agent is not able to calculate the controller signal, that is
i =0,v;, = 0 and u; = 0. AFR amplitudes at resonant
frequencies are chosen as control performance indicators.
A typical case with agents #2 and #4 failure is chosen to illus-
trate the failure status. AFR near the resonant frequencies is
shown in Fig. 13. The unexpected peaks p;(0.2742, —57.42)
and p(2.943, —64.47) are lower than that without agents
failure (Fig. 6), especially p» is not obvious. This indicates
that less disagreement is generated with only two agents left.
AFR gains of MPPF at resonant frequencies are —67.73 and
—68.18 dB, respectively. They are a little higher than that
without agents failure because of the failure of two agents.
For CMPPF, however, the lowest points are (0.2742, —79.83)
and (2.944, —85.21). They are not exactly at the resonant fre-
quencies. There are frequency shifts of 0.0003 and 0.0006 Hz
at the first and second mode, respectively. Due to the frequency
shifts, the lowest AFR amplitudes are not at the resonant
frequencies. This phenomenon is unwanted. However, if we

(1,2) . .
set C,,"™ to zeros, the frequencies shifts are reduced to very
small values, as shown in Fig. 14. This approach does not
affect the controller performance without agents failure. Thus,
it can be seen that in some cases, the consensus of j;; brings
negative effect on CMPPF vibration control. This is a proof
to the order of importance of consensus variables f;; > fix.

Results of 10 failure types are listed in Table II. The first
column stands for failure types, where “0” and “1” represent
failure and normal for the four agents, respectively. For
example, “1010” means agent #2 and #4 are in failure mode,
while agent #1 and #3 are normal. “FS” means frequency shift
with the unit “Hz.” For most types, CMPPF achieves lower
AFR gains than MPPF with some frequencies shifts. These
frequencies shifts are all reduced to very small after setting
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TABLE 11
RESULTS OF 10 FAILURE TYPES

15% resonant frequency 274 resonant frequency
MPPF CMPPF MPPF CMPPF
AFR AFR | FS AFR AFR | FS

0111 -59.87 | -52.90 | 0.0046 | -60.31 -53.27 0.0048
1011 -67.91 -83.74 | 0.0001 -68.11 -88.48 0.0006
1101 -70.25 -77.90 | 0.0003 | -70.46 | -111.82 | 0.0011
1110 -69.38 -97.00 | 0.0001 | -70.11 -87.79 0.0004
0011 -49.93 -45.59 | 0.0017 | -48.44 -43.27 0.0033
1001 -67.43 -71.69 | 0.0003 | -67.56 | -100.30 | 0.0011
1100 -71.07 -72.27 | 0.0003 | -71.30 -92.63 0.0013
0101 -59.55 -46.15 | 0.0046 | -59.95 -46.70 0.0021
1010 -67.73 -79.83 | 0.0002 | -68.18 -85.21 0.0008
0110 -58.76 | -48.62 | 0.0046 | -60.26 -51.69 0.0027

g
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Fig. 15. AFR amplitudes at first resonant frequency for 2398 topologies.
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Fig. 16. AFR amplitudes at second resonant frequency for 2398 topologies.

CLI’Z) to zeros. However, for failure modes “0111,” “0011,”
“0101,” and “0110,” CMPPF performs not better than MPPF.
The similarity of these four types is that agent #1 is in failure
mode. This phenomenon indicates that different agents have
different importance in CMPPF. The related investigation will
be considered in future studies.

D. Controller Robustness to Different Topologies

There are 4096 possible topologies for the system with four
agents. Among them, a subset U includes 2398 topologies
such that a topology has a directly spanning tree, which
satisfies the choice principle in Section II-B. AFR amplitudes
G1(s)|lw, and [|G1(s)|lw, With topology g € U are given
in Figs. 15 and 16. F is defined as a subset of U including
the topologies with no edges rooting at agent 1. F has
189 elements. CyF is the complementary set of F in U.
IG1(s)|lw, is near the AFR amplitude —70.34 dB of MPPF
with ¢ € F and much lower than —70.34 dB with g € CyF.
The conclusion is not obvious but still generally satisfied at
the second frequency. It reveals that the control performance
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is improved by the consensus algorithm if the information of
agent #1 is introduced into other agents. The reason is the
important role of agent #1 with |wqi| and |wi2]| the largest
among |y11] to |w41] and |w12] to |waz|, respectively. Commu-
nication topology g € CyF could be an additional choice prin-
ciple for communication topologies. However, the controller
performance is not worse with g € U. It indicates that the
controller is robust with different communication topologies.
The probability is 92.12% (2209 out of 2398) for controller
performance improvement by the consensus algorithm with
different topologies.

V. CONCLUSION

An AVC method CMPPF is introduced based on the con-
sensus algorithm and centralized MPPF. The convergence
conditions are derived and control parameters are optimized.
Control performances of CMPPF and MPPF are analyzed
and compared via AFR and numerical simulations. Agents’
disagreement is eliminated and lower AFR amplitudes are
achieved by CMPPE. Better attenuation process and lower
steady-state value are achieved by CMPPF than MPPF. How
CMPPF achieving better performance is illustrated through
analysis on consensus variables. Different effects of consensus
variables are analyzed. Control performances under different
failure types are evaluated. Results show that CMPPF achieves
lower AFR gains at resonant frequencies than MPPF for most
failure types. Results also reveal that different agents have
different importance in CMPPF. Furthermore, the robustness
of CMPPF to different topologies is demonstrated by employ-
ing all possible communication topologies with a directed
spanning tree. Investigations about the different effects of
consensus variables and the different importance of agents will
be considered in future studies.
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