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Design of an active balancing system for rotating orbital devices

Salvatore Meraglia *, Davide Invernizzi ¥, and Marco Lovera*
Polytechnic University of Milan, 20156 Milan, Italy

Tharek Mohtar’, and Alessandro Bursil
OHB Italia S.p.A., 20151 Milan, Italy

This paper presents the design of an active balancing system for rotating orbital devices,
motivated by recent space applications for spacecraft endowed with rotating payloads. The
main motivation behind this work is the Copernicus Imaging Microwave Radiometry (CIMR)
mission which will feature a large rotating microwave radiometer to provide observations of
sea-surface temperature, sea-ice concentration and sea-surface salinity. Due to the presence of
highly uncertain inertial asymmetries in the rotating device, potentially large internal forces
and torques can appear at interface between the spacecraft and the rotor which can cause a
significant degradation of the system performance and can even affect its stability. To counteract
such unbalance effects, in this work we develop an active balancing system made of a suitable set
of actuated movable masses and sensors. Exploiting the time-periodic nature of the underlying
dynamics, a harmonic controller has been designed to command the positions of the actuated
masses in such a way that the effects of rotor unbalance are significantly reduced. After
extensive numerical simulations, accounting for both parametric uncertainties and exogenous
disturbances in the model, a dedicated breadboard has been developed and experimental

validation of the control law has been carried out.

Nomenclature
fo € R3 = interface reaction force, N
fee R3 = force associated with environmental effects, N
ho € R3 = angular momentum, Nm
J, e R3%3 = inertia matrix of the rotor, kgm2
JseR = nominal term of inertia moment, kgm2
k € Zso = discrete-time index
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m; € Ryg = mass of the j-th balancing mass, kg

mp € Ry = total mass of the payload (rotor plus active blancing system), kg

m, € Ry = mass of the rotor, kg

Ny € Zso = number of movable masses

n, € Roo = number of outputs

ny € Ry = number of inputs

O; = origin of the inertial frame

Op = origin of the base-fixed frame

O, = attachment point between the base and the payload

Q e R"™*" = weighting matrix for plant output in cost function

q e R3 = translational momentum, N

R e R™*™ = weighting matrix for control input in cost function

R;'J € SO(3) = rotation matrix describing the attitude of the spacecraft-fixed frame with respect to the inertial frame
Ri € SO(3) = rotation matrix describing the attitude of the payload-fixed frame with respect to the inertial frame
R? € SO(3) = rotation matrix describing the attitude of the rotor-fixed frame with respect to the spacecraft-fixed frame
s;i€R = relative displacement of the j-th balancing mass, m

S;eR = nominal term of static moment, kgm

s; € R = lower limit of the j-th stroke, m

5;eR = upper limit of the j-th stroke, m

T € R¥X™ = T-matrix

u € R™ = desired positions of the ABS masses in the rotating frame, m

vg € R3 = inertial velocity of the center of mass of the rotor, m/s

vo € R3 = inertial velocity of the attachment point O, m/s

v; € R3 = velocity of the j-th mass, m/s

’x&l’ eR3 = location of the center of mass of the payload, m

’x; eR3 = zero location of the j-th balancing mass, with respect to O, expressed in F,-, m
ixf eR3 = position of the j-th balancing mass, with respect to O; expressed in F;, m

"xz eR3 = difference vector between O}, and O; expressed in F;, m

’xg eR3 = difference vector between the rotor CoM G and O expressed in F,., m

y1 € R = first harmonics of measured outputs

AJiz €R = perturbation term of inertia moment, kgm2

AS; €R = perturbation term of static moment, kgm



At € Rog time interval between consecutive updates, s

70 € R = interface reaction torque, Nm

75 € R3 = torque associated with environmental effects, Nm

"w' e R3 = payload angular velocity, expressed in F,, rad/s

byt e R? = (body) angular velocity of the spacecraft base, rad/s

QeR = angular rate of the rotor relative to the spacecraft-fixed frame, rad/s
L. INTRODUCTION

Future space missions will increasingly rely on the use of large rotating payloads, in particular in the context of
missions requiring high Earth observation capabilities [[1,2]. Accommodation restrictions, whether due to launcher
fairing envelopes or limitations and constraints by the spacecraft, make it necessary to stow for launch and deploy
in-orbit the payloads that are exceeding these restrictions due to their operational dimensions [3]]. These systems
require a careful design, because the unbalanced force and moment arising from inertial asymmetries can lead to the
reduction of accuracy and stability of the spacecraft attitude and the induced vibrations can directly affect the quality
of the collected data. For instance, one of the most challenging aspects of the Soil Moisture Active Passive (SMAP)
observatory mission by NASA [[1] was the design of the spinning reflector and beam assembly to minimize the impact
of the inertial unbalances. Ground testing and characterization of the assembly was evaluated, but was considered
impractical. It was determined that a program of detailed analysis and modeling (detailed to the screw, nut, washer and
glue-line level) in conjunction with a rigorous hardware mass properties measurement process at the piece parts and
sub-assembly level could effectively characterize the inertial properties of the system within the requirements dictated
by the spacecraft dynamics [4]. However, the problems associated with unbalancing are magnified when the payload is
large and, as a consequence, the operational life could become shorter and the operational reliability could degrade. In
worst-case scenarios, the attitude control system may fail to stabilize the spacecraft or the unbalanced loads may damage
the motor sustaining the spin motion, thereby undermining the outcome of the mission.

The future Copernicus Imaging Microwave Radiometry (CIMR) mission [5], which aims to provide high spatial
resolution microwave radiometry measurements, employs a conical scanning geometry with a spinning antenna reflector
rotating about the nadir-pointing axis of the spacecraft to guarantee a high spatio-temporal resolution. The outward
appearance of the CIMR spacecraft (see Figure[I]from ESAF) is dominated by a 9-meters large deployable mesh antenna
that is mounted on the spun portion of the spacecraft and on the end of a 12-meters long boom. The CIMR payload
involves components much larger than the SMAP ones (6-meters large reflector 6-meters long boom [6]]) and, as a
consequence, even an accurate manufacturing might not guarantee sufficient suppression of the inertial unbalances.

For this reason, the effects of the unbalances might have to be corrected at commissioning by means of a dedicated

*https://www.esa.int/ESA_Multimedia/Images/2020/11/CIMR.
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Figure 1 CIMR spacecraft.

balancing system [7]].

In this paper, the concept introduced in the preliminary work [8] of an Active Balancing System (short, ABS) to
actively counteract unbalance effects in a rotor, is extended here to explore a viable solution to the balancing of the
CIMR rotating payload. The original ABS concept has been further analyzed and generalized and then experimentally
validated on a simplified breadboard. Inspired by previous work on active balancing [9]], the proposed ABS is based on:

* a set of movable masses, mounted on the rotor, and actuated through linear actuators;

* sensors, mounted on the spacecraft base, capable of measuring the components of the in-plane joint force and

torque to be canceled;

* an electronic unit with the control system to process data from the sensors and to separately command the actuators

to move the balancing masses to the target locations on the strokes.
After a detailed definition of a generic ABS configuration and the derivation of a suitable dynamical model, an analytical
framework useful for the analysis of the system balancing capabilities is proposed. The proposed approach assumes a
decoupled control architecture, wherein the attitude of the spacecraft is controlled through the actuators of the spacecraft

base while the ABS controller tries to cancel out the effects of inertial unbalances in the rotor by moving the masses at



suitable locations. In this regard, it has been recently shown in [10] that a properly tuned PD-like controller is capable
of keeping a stable attitude in the presence of inertial unbalances in the rotating device and ensures convergence to the
desired attitude for vanishing unbalances, thereby allowing for balancing operations to be carried out safely. In this
work, assuming that the spacecraft controller keeps the attitude close to the desired one, we show that through suitable
assumptions the rotating device can be considered as fixed on the ground when designing the control algorithm of the
ABS. One of the main contribution of this work lies in showing that the complex payload dynamics can be approximated
by a perturbed LTP system, thanks to the use of sensors placed on the (non-rotating) spacecraft base, where the main
source of perturbation is associated with the rotor unbalances. The disturbance rejection problem for such systems
can be addressed using harmonic control theory, which has been considered both in the context of helicopter vibration
reduction [[L1} [12] and rotor balancing [[13H16]. Specifically, in this work we exploit a robust harmonic control law
borrowed from [[17] to counteract model uncertainty issues resulting from the adopted approximations.

A multi-body model of the rotor with the ABS system has been developed to evaluate the stability and performance
of the proposed design in a sufficiently accurate simulation environment, replicating possible effects coming from the
space environment, and to tune the control law. A Monte Carlo analysis has been carried out to assess the behavior
of the system when accounting also for parametric uncertainties and exogenous disturbances. In order to check the
effectiveness of the proposed design, a breadboard consisting of a single-plane ABS with the possibility of adding
artificial unbalances has been designed and built. In the final part of the paper, experimental results obtained on the
breadboard are reported to show that the proposed ABS is capable of reducing the unbalance effects, namely, the force

and torque at the interface point, within required admissible levels.

I1. Notation

R (Rs0,R5() denotes the set of (positive, non-negative) real numbers, Z-( denotes the set of non-negative integers,
R" denotes the n-dimensional Euclidean space and R™*" the set of m X n real matrices. The i-th vector of the canonical
basis in R", i.e., the vector with a 1 in the i-th coordinate and 0’s elsewhere, is denoted as e; and the identity matrix in R"*"
isl, :=[ey---e;---e,]. Given vectors x, y € R", the standard inner product is defined as (x, y) := xTy. The Euclidean
norm of a vector x € R" is ||x]|| := m The n-dimensional unit sphere is denoted as $" := {x € R™*! : ||x|| = 1}.
A Cartesian reference frame is the defined as F, := (O, {a, az, az}), where O, represents the origin and a; € s?,
i =1,2,3, are three mutually orthogonal unit axis defining a right-handed triad. We use the notation “x to denote the
components of a free vector x expressed in frame F,, whereas bxg = (”x;‘,’1 , bxlaj’z, bxgﬁ) to represent the components
of the position vector O—af’ expressed in frame F;,. The set SO(3) := {R € R¥3 : RTR = I, det(R) = 1} denotes the
three-dimensional Special Orthogonal group. The notation R is used to denote the rotation matrix that transforms

the components of a vector from frame b to frame a, which is defined as RZ = [*b| “by “b3]. The angular velocity

of frame F; with respect to frame F,, expressed in Fp, is denoted as b, and is such that Rg = RZS(bw“). Given



w € R3, the map S(-) : R® - s0(3) := {Q € R¥? : Q = —QT} is such that S(w)y = w X y, Vy € R3, where x

represents the cross product in R3.

III. ACTIVE BALANCING SYSTEM MODELING AND CONTROL PROBLEM
FORMULATION

This section is devoted to presenting the problem addressed in this work. As mentioned in the Introduction, the
system under investigation consists of a rotating device, henceforth called “rotor", mounted on a spacecraft, which is
referred to as “base". To tackle the undesired effects associated with the inertial unbalance of the rotor, in this work
we consider the use of an ABS made of a set of N,,, € Z.( movable masses, mounted on the rotor, and by sensors,
mounted on the spacecraft, capable of measuring the components of the joint force and torque perpendicular to the
axis of rotation. The system comprising the rotor and the ABS will be referred to as the “payload"” in the following. In
deriving the model for control, we consider the system to be made of rigid bodies, under the (reasonable) assumption
that the balancing masses are moved slowly enough to avoid exciting the structural dynamics, which are predominately

associated with the flexibility of the reflector antenna.

A. Multibody system configuration and kinematics

To characterize the system configuration, several Cartesian reference frames must be introduced (see Figure [2):

* an inertial frame F; := (Oy, {i1, i2, i3}) fixed at center of the Earth;

* abase-fixed frame F}, := (Op, {b1, b2, b3}), with O, being the CoM of the base;

* abase-fixed frame F, := (Og, {a1, az, az}), with O, being the attachment point between the base and the payload
and a3 € §? identifying the axis of rotation;

* apayload-fixed frame F, := (O, {r,r2,r3}), with O, = O, =: O.
Based on the above description, we are considering (without loss of generality) a; = b; Vi € {1, 2, 3}, namely,
that the frame F, is aligned with Fp,.

We now proceed by introducing the relevant quantities to describe the kinematics of the system. The attitude of the

rotor is represented by the rotation matrix R. € SO(3) which is described as a composition of two rotations:
. _—
R, = R, R} 1)

where RZ is the rotation matrix describing the attitude of the spacecraft-fixed frame F, with respect to the inertial frame



Figure 2 Multibody spacecraft configuration and definition of the reference frames.

F; while
cos() —sin(8) O

RY := sin(f)  cos(8) 0O @
0 0 1

is the rotation matrix describing the attitude of the rotor-fixed frame F, with respect to the spacecraft-fixed frame
Fp, parametrized in terms of the rotation angle 6 € [0, 27) and the spin axis e3 = [00 1]". The position of the j-th
balancing mass expressed in F;, denoted by "x:: € R3, is a function of the corresponding relative displacement s i €Ras

follows:
ixf = ixf +7;(s;) 3)

where r;(s;) := R.("x" + s;n;), with "x" := [ % 5, ] T € R’ is the zero location (i.e., 5; = 0) of the j-th balancing
mass relative to O and expressed in F,., while n; € S? is the unit vector assigning the corresponding displacement
direction. As the strokes on which the actuated masses can move have finite length, we define s ; and §; the lower and
upper limit of the j-th stroke, respectively, such that s; € [gj, 5;].

The attitude kinematics of the rotor can be derived by differentiation of (T)):

Rl = RIR” + RLRY = RLS(Pw')R? + R RES(e3)Q
4
= RLRP(RD)TS(Pw)RY + S(e3)Q) = RERZS((RY) TP + Qes)



where ?w’ € R? is the (body) angular velocity of the spacecraft base with respect to the inertial frame, Q := 6(¢) € R
is the angular rate of the rotor relative to the frame F,, which is assumed to be constant, i.e., Q(t) = Q(t) =0
vt. In deriving {@) we exploited the linearity property of the S~!(-) map and the property S~!'(RTS(w)R) = RTw

Y(R,w) € SO(3) x R3. From equation (@), one can define the payload angular velocity resolved in F, as
"ol = szwi + Qes, 5)

which gives the compact expression R. = R.S("w'). The inertial velocity of the center of mass of the rotor (point G in

Figure is obtained by differentiating the expression ‘xl; := ‘x| + R}." x[;, which yields:

XGo

=N+ RLS(Tw') Xy 6)

where 'vi) :='x! denotes the inertial velocity of the attachment point O. The velocity of the j-th mass, resolved again in

Fi, is given by

’v;. ="vo + R.S("w") ("X} +sjn;) + RS n;, @)

which comprises contributions from the motion of the attachment point (v ), the overall angular velocity of the payload
("w') and the relative motion of the mass ($;).
At this point, all the information needed to characterize the proposed balancing system has been introduced and we

can formally define the ABS system.

Definition 1 Given a rotor-fixed frame F,, the ABS with N,, movable masses is defined by the tuple (m,"x{,n, s,

_ - 3 2 Nm
sl,...,mNm,rxerm,nNm,gNm,st)E(R>0><R X S X R X R)m,

B. Dynamics

The objective of the ABS is to move the balancing masses in such a way that the in-plane components of the reaction
force and torque at the interface point, which are measured by sensors, are ideally canceled. To understand how the
inertial unbalances of the rotor affect those quantities, we apply Euler-Newton’s law to the rotor and the ABS system

(i.e., the overall payload):

dg
29 _ e 3
7 fo+fo (8)
dh
d—toz—VOXq+T(e)+‘ro 9)



where

Nﬂ’l
i Qi
g =mvg+ E mj'v
J=1

N"’l

_ [ L.Q(r, IV, i .

=mp'vy +mR.S("w") xG, +R,ijsjnj (10)
J=1

Nm
ho = mrS(Rirxg)[viO + Ri.lrw + Z rj X mj‘v;
=1
=mpS(R."xg )'vp + RLJ, o'
N
+R. Z mj(S(x +5n)SCx +5in)" @' +S("x)n;s;)) (11)
Jj=1
are the translational and the angular momentum, respectively. The exogenous force and torque have been split in
contributions associated with the interface reaction at O (fp and 7o) and in contributions associated with environmental
effects (f¢ and Tg). Herein, J, € R¥3 and m, € R. are the inertia matrix, with respect to O and expressed
in F,, and the mass of the rotor, respectively, while m, = m, + Zj»v:"f m; is the total mass of the payload and
’xgp = mLp(m,’xg + ZJ.:"; mj(rx; +sjn;)) is the location of the center of mass of the payload.

Before proceeding, the following assumptions are considered to simplify the dynamical model in (8)-(9) to carry out

the control design of the ABS controller.

Assumption 1 Given any constant desired attitude Ry € SO(3), the attitude control system of the spacecraft keeps the
spacecraft attitude RZ close to the desired one Ry, so that one can consider RZ (t) = Ry ¥Vt > 0 when designing the

ABS controller.

Remark 1 The above assumption is reasonable as the magnitude of the unbalance force and torque are dependent on
the rotor speed, as shown next, and in a plausible scenario the rotor will be spun up slowly to avoid the risks associated
with large unbalances. Moreover, based on the results of [[10]], a properly designed and tuned attitude control system
for the spacecraft base can keep the attitude stable in the presence of a rotating unbalanced device, with guaranteed
convergence to the desired attitude for vanishing unbalances. Small mismatches with respect to the perfect stabilization

condition embedded in Assumption[T|will be treated as disturbance terms acting on the nominal model. a

Assumption 2 The exogenous force and torque acting on the payload are given by

fe=fE+ASC (12)

16 =Ry xg X[ + AT, (13)



i

. X,
where ' f$ = —u®m,, ”,x,(’#”%, with u® being the product of gravitational constant and the mass of the earth, while
P

Af¢ e R3 and Atf € R3 represent unmodelled disturbances.

Remark 2 Assumption [2] implies that the main source of the exogenous force and torque is due to the gravity field,
derived using a point mass model of the payload. Unmodelled (second order) effects associated with the actual mass
distribution of the system and other environmental perturbations are included in the terms A f¢ and A7¢, which will be
dealt with a robust control design. It is worth underlying that the approximation introduced through Assumption 2]
essentially splits the overall motion of the spacecraft into the orbital motion of a point having the total mass of the
system and a superimposed relative motion, as if the spacecraft is floating without gravity. As shown next, Assumption
[[]and Assumption [2] allow for the development of a decoupled control architecture in which the ABS control design can

be carried out independently of the spacecraft attitude control, the latter being considered in [10]. a

Let us focus on the translational dynamics first. By substituting (I0) into the left-hand side of (8), we have:

N,
dq i i o iy - .
— =mplip + R, Zm; (SCw')sjnj+3;n;)
j=1
N
+RL mpS("w') xg ) + Z m;(S("w") ("X} +sjn;) +5;m;))
j=1
Nm
+ Ry [ mpSC ") xg;) +Zm,(5(raﬂ)(rx; +sin)+én) | (14)

J=1

Based on Assumption |1, one also has ?w/(f) = Pwi (1) = 0 V¢ > 0. Since the payload is rotating at constant rate,
Q(t) = 0Vt > 0, it follows that the angular acceleration of the payload is identically zero as well, i.e., &' = @ +Qe3 = 0.
Further assuming that the orbital acceleration times the mass of the payload is mostly balanced by the gravity force, i.e.,
mp'vi % f& (we embed the mismatch into the disturbance term A £), using (T0), (T4) and (T2) the interface force can

be approximated by the following expression:

an
"fo = RLS(Qe3) mrS(Q€3)rerP) + Z misin; + S(Qe3)(rx; +5;1;)
j=1
Nm
+RE[ Y mysing +S(Qes)sjn; |+ Afe. (15)
j=1

10



We can now proceed similarly for the angular dynamics (9). To this end, consider the following equalities:

N
o Xq=8"vy)mp'vy, + S(’v‘o)(er‘rS(rw’)’erP +R. Z m;$in;)
J=1

Nm
= —S(mpRiS(rwi)rxgp + R; Z mjsjnl)’vlo
j=1
Nln
= —S(mpR;S(rw’)er;p +R;ij§jnj)’v’0, (16)
j=1
d ir_r i v, INr. T ir.r i1 ir r i1
EmPS(R, XG,,)VO =mpS(R.S("w") X, + R, pr) v +mpS(R; pr) Vo
Nm

= S(mpRLS("w') xf; +RL Z mjsing) v, + S(RL"xg, ) %, (17)

j=1
where we exploited that S(vo)m,vo = mpvo X vo = 0 and then used the approximation m,vo = f%, which
was already introduced when deriving the approximated translational dynamics. Using (I6) and (I7), one obtains
WX g+ %mPS(Rirxgp) = S(Rﬁ’xgp)fg. Then, substituting (T3) into (@), and performing some computations, we

obtain the following expression for the approximated interface torque:

N
7o = RLS(Qe3) [ J,w + Z miS("x; +s5;n;)ST ("X + 5jn)Qez+
Jj=1

¥

Nm an
+ZmJ-S(rx;)njjj +RE Z m;j (S(nj)ST(rx; +5n)+
=1 =1
Nm
+S("x] + sjnj)ST(nj)) Qess; + Z miS("x")n;s; [+ AT, (18)
=1

where we considered the same approximations adopted for the translational dynamics stemming from Assumption[l] As
the ABS setup described in the Introduction makes use of sensors that measure the interface force and torque in frame

Fua, it is necessary to express (T3 and (I8) in such a frame. To this end, multiplying both sides of (T3)-(T8) by R®T, the

in-plane components of fp and 7p in F, can be compactly written as follows:

“fo, c(0(r)) —s(6(1)) 0 0 " fo,
“ fo, s(0(1))  c(6(1) 0 0 " fo,
= , (19)
“10, 0 0 c(6(2)) —s(6(2)] |" 7o,
.| | 0 500 c(0) || 7o,

Z(t)

11



where c(-), s(-) is a shorthand notation for cos(-), sin(-), respectively, and the expressions of f/,, 7, are reported in
equations (20) through (23).

Given the approximations introduced to derive the mathematical model in (T9), the dynamics of the rotating device
under an attitude controlled base has been reduced to the one of a ground fixed system, thereby effectively enabling a
decoupled design for the attitude controller of the base and the control system of the ABS and giving the possibility of

testing the ABS on ground by building a suitable breadboard, as discussed in Section [V.A]

N N Nm

r _ 2 r.r (. LT ST e LT e, e

fo, =—Q | m,"xg 4 +Zm](x] +5je,n;j) +2QZm]ezn]sJ +ijelnjsj +Af| (20)
J=1 J=1 J=1
N

r _ _02 r.r (5. ST

fo, =-Q%|m, xG’2+ZmJ(yJ+sjeznj) 2QZmJelnjsj+ijeszsj+Af2 2D
Jj=1 Jj=1 =

2
7o, = -Q r23_zm](yj+sjeznj)(zj+s]e3n./) +ij[ : ]n,s,+Qij([ X[t
J=1
.
T T & e
: S T = T = T = T . .
+ey S(n;) [—yj—sjeznj Xj+sjein; O *|0 -Z;-sjein; yj+sjeznj]s (n])e?))s] +At,  (22)

Ny N

r 02 = T = T -
To, = Q Jr,13—ij(xj+sjelnj)(zj+sje3nj) +ij [Zj 0
J=1 J=1

nj+

Nln-

—X; ”f§f+Qme([0 ~Zj ¥
=

.

+

T _ _ _ _ T(., . e
+ey S(nj) [—yj—sje;nj Xj+sjein; 0 Zj+sjein; 0 —xj—sjelTnj]S (”])63)51+ATOI-(23)

C. Control problem formulation
To describe the balancing control problem based on the dynamic model derived in the previous section, we first

characterize the necessary control authority of the ABS to achieve a balanced configuration. Without loss of generality,

12



assume that the rotor and the ABS unbalances for s; = 0 can be split in nominal and perturbation terms as follows:

Nfﬂ
m X + ) miE = S1+ ASy = ASy (24)
j=1
N
iz =) mi%;z; = Ti3+ Az = A3 (25)
j=1
Nm
mxG ) miT =S+ A8, = AS, (26)
j=1
Nm
Jr23— Z m;y;z; =Jz+ Al = Al 27
j=1

where, giveni = 2,3, S; and AS; denote the static moment and the corresponding perturbation and similarly J;3 and
AJ;3 denote the nominal inertia moment and the corresponding perturbation. The idea behind the decomposition in
([24)-27) is that the rotor and the ABS are designed to be self-balanced (S; = S, = 0, Ji3 = Jo3 = 0) but that there

will be unavoidably residual unbalances in practice. Of note, for constant unbalances, balanced equilibrium conditions

(5;=58;="fo," =" fo, ="70, ="710, = 0) can be obtained provided that the ABS satisfies the following assumption.

Assumption 3 Given positive scalars A; € Roo, j = 1,...,4, forany [ 881 A8 Al A1 |7 € Qp = {A e RY 1 |A;] < A,
i=1,...,4}, the ABS (m;, rx;, nj,58 s 5i), j=1,..., Ny, is such that the system of algebraic equation
Nm
ijefnjsj =-AS; (28)
j=1
N"l
D mjeInjs; = -AS (29)
j=1
N)n
Z m; ((e;nj)(e;nj)siyj(e;nj) + Zj(ezTnj)sj) = AJy (30)
j=1
Z m; ((e?nj)(e;nj)siij(egnj) + Zj(elTnj)sj) =AJj3 31)

j=

—_

admits at least one feasible solution, i.e., there exist positions of the balancing masses solving 28)-(31)) and such that

SjE[gj, Ej]VjZI,...,Nm.

Note that system 28)-(31) is obtained by substituting equations (24)-(27) in (20)-(23) and then by setting to zero
the terms that multiply Q2. The above assumption is necessary to have a feasible control problem, as more formally
defined at the end of this section. By defining w := [ /5, /o, 7o, 76, ] and by means of (24)-(27), equations (20)-(23)

can be compactly written as:

N
w= " Cl, vh+Dapsd (32)
=1

13



where yi, = [s; % 3] and d := [ AS) AS; AJi3 A |7 and the exogenous disturbances have been neglected for the
purpose of deriving the nominal model for control. The exact expressions of Cébs and D¢ can be derived from
(20)-(23) but they are omitted here for space reasons. The ABS system includes N, position-controlled linear actuators
to assign the motion of the balancing masses. Assuming a linear model for the closed-loop behavior of the actuators, we

can compactly write the actuators dynamics as
Xq = Agxg + Bau, Ya = Cyxq + Dgyu, (33)

where x, =[x} - x}m |7 € RN=Na is a vector including all the states of the N,,, actuators, y, = [y, - y¥m |7 € R3Nm
is a vector collecting the outputs defined in (32) and u = [« - un,, | € RM» is the vector of control variables, i.e.,
the desired positions of the ABS masses. Finally, A, = blkdiag(A{;), B, = blkdiag(B{;), C, = blkdiag(C,’;) and
D, = blkdiag(D{;) are block diagonal matrices formed from the quadruples (A{;, B{;, Ci, D{;) characterizing the j-th

actuator dynamics, which has order N,. The in-plane torque and force in the spacecraft-base frame (equation (T9)) are

measured by load sensors, for which we again assume a linear behavior, given by:

Xg = Agxs + BsZ(H)w
= Ayxs + B Z(t) (Cabxcaxa + CapsDau + D gpsd) (34)

Vs = Coxg (35)

where Cyps = [CL,, - CNm ], Z(t) is defined in (T9) and A, = blkdiag(AL), B, = blkdiag(B), Cs = blkdiag(C’) are

abs

block diagonal matrices formed from the triples (A%, B%, C!) characterizing the i-th load sensor dynamics, which has

order Ny. By defining x = [ xa xs ]T andy =y, € R?, the overall system can be written in state-space form as follows:

x=A(t)x+ B, (t)u+ By(t)d y = [() C|* (36)

where

Ay 0 _ B,
A(t) = Bsz(t)cabscu As] > Bu(t) - [Bsz(t)c(lbsDu] >

By(t) = [BXZ(IO)Dabs] . 7

Remark 3 While the assumption of linearity in the behavior of both the actuators and sensors may not be true in

practice, the approximation allows us to perform a preliminary verification of the control design in simulation. This is
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also not an issue in practical implementations for the considered application, where the proposed control law can be
applied after the actuators have reached their desired positions and the load cell sensors are so fast that their dynamics

can be neglected, as it is done in our experiments reported in Section 2

By referring to system (36)), the problem that we address in this work can be formulated as the design of an output
feedback controller for u (desired positions of the ABS masses) such that the measured interface loads y are minimized
for all inertial unbalances satisfying |d;| < A, i=1,...,4, where A; € R, are the minimum unbalances that the ABS

should be able to compensate for according to Assumption [3]

IV. CONTROL LAW DESIGN
The model of the rotor and the ABS in equation (36) is represented by a Linear Time Periodic (LTP) system. In this
section we will propose a control design exploiting piece-wise constant inputs to solve the rotor balancing problem by
leveraging Harmonic Control (short, HC) theory. Firstly we briefly recall the main ideas behind HC and then we present
the steps for the derivation of the control law according to the 7-matrix HC algorithm, following the approaches in

(L7, [18].

A. Harmonic Transfer Function formulation

The steady-state response of a LTP system can be characterized by the Harmonic Transfer Function (HTF), which is
an extension to periodic systems of the frequency response function of a time-invariant system. In order to compute
the HTF we follow the approach described in [18} [19], which we briefly recall. By deriving Fourier expansions for
A(1), B, (1), B4(t), C(t) and D(¢) (e.g., A(t) = Xm="% A, exp(jmQt)), it is possible to prove that the Exponentially

Modulated Periodic (EMP) steady-state response of system (36) can be expressed as the infinite dimensional matrix

equation with constant elements

sX =(A-N)X + BU + ByD, y=Ccx (38)

where X', U, D and ) are doubly infinite vectors formed with the harmonics of x, u, d, and y respectively, organized
as X7 =[--- xT, xT, xJ x] x; ---] and similarly for ¢ and Y. A, B and C are doubly infinite Toeplitz matrices
formed with the harmonics of A(-), B(-) and C(-), and A is a block diagonal complex-valued matrix given by
N = blkdiag { jmQI} where [ is the identity matrix the size of which is equal to the number of states (see [[18]] for more

details). From equation (38), one can define the HTF operator

Gu(s) =C[sZ - (A-N)]"'B,, (39)
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which relates the input harmonics and the output harmonics (contained in the infinite vectors &/ and ) respectively), and
the disturbance HTF operator

Ga(s) =C[sT - (A-N)]"'Ba, (40)

where 7 is an infinite dimensional identity matrix. It can be noticed that the rotor will be subject to a proper, steady-state
harmonic control input whenever the control vector u is constant (the same consideration holds for the disturbance d).
This implies that we only have to study the response of the periodic model to a EMP input with s = 0, i.e., we only have
to compute the input/output operators G, (0) and G;(0). Given a constant input u(¢) = ug, the vector U corresponding
to u(t) = ug is given by

U= 00ul 00 -] (41)

and the steady-state response ) of the periodic system without the disturbance is given by

Y =G,0U (42)
which can be equivalently written as
y-1 R G TR C A T 0
Yo | T G Gooo Ggl “o @
3 o Gl Gy G 0

Focusing on the N-harmonics, from equation (#3) we have that

Y- G*"
= " . (44)

u
Y1 G

Converting the harmonics of the output from exponential to trigonometric form, the following expression is obtained:

= Tuy, (45)
Yis
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where

Real[G 1”‘0]

T:=2 € Ry (46)

Imag|[G 11,10]

is known in the literature as the 7-matrix.

B. LQ-based HC algorithm

Let us assume that the update of the control input u(¢) is at specific times tx = kAt, where At is the time interval
between consecutive updates, during which the plant output is assumed to reach a steady level, and where k € Z is the
discrete-time index. Based on the results of the previous section, the steady-state response of the system (36) to both

inputs and disturbances can be expressed by the following discrete time mathematical model:
vi(k) =Tu(k) + Wd, (47)
where y| € R?" is the vector of the first harmonics of measured outputs, namely,

L LD 0 cos(N) dy
ylc(k) _

yi(k) = with ¢ = Qr , (48)

y1s (k) 1 rk+D)m .
L% y(y) sin(Ny) dy

u is the vector of the desired positions of the ABS masses in the rotating frame and d is the vector of the inertial
unbalances defined below equation (32). The 7' matrix was already defined in @6) while W € 2n, X ng is a constant

matrix defined in similar fashion as

Real[G ldo]
W=2 . (49)
Imag[G 1d0]

For system (@7), HC is a viable approach for the design of a feedback controller aiming at the minimization of the
measured interface loads. The conventional HC control law is derived by minimizing at each discrete-time step k the

cost function

J(k) = y1(k)TQy1 (k) +u(k)" Ru(k) (50)

where Q = Q7 >0, R = RT > 0. Differentiating equation (50) with respect to u(k) yields the T-matrix control law

u(k+1) = KTu(k) — Ky (k) (51)
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where K = (TTQT + R)~!T7Q is a gain matrix.

C. Convergence analysis of the HC algorithm

At each time 1, the vibrations/effects induced by the unbalances can be evaluated as
Wd =y (k) — Tu(k).
Therefore, by substituting (52)) into (@7) evaluated at k + 1 one obtains

yilk+1)=Tu(k+1)+y1(k) — Tu(k)
=TKTu(k) —TKy;(k) +yi(k) = Tu(k)

= -TK)y(k) +T(KT — Du(k).
As discussed in [[17]], with initial conditions y; (0) and u(0), the system dynamics (53] is equivalent to

yi(k+1) y1(0)
= AT

u(k +1) u(0)

Yk > 0, where

I-TK T(KT-1)
ATIZ .

-K KT

As a result, the optimal values of y| (k) and u(k) are attained after the first update.

(52)

(53)

(54)

(55)

Remark 4 This result holds true under the assumption that 7-matrix is known. If the T-matrix is uncertain, HC could

result in degraded performance and possible instability (see the next Section for the robustness analysis with respect to

an uncertain 7). Moreover, the one-step convergence property decays.

Based on equation (54)), the steady output can be written by means of the relation
Yopt :=Y1(k) = Ko (y1(0) = Tu(0)) = KroWd,

where

-1
Kio=0"' (0" +TR'T7)
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is a gain matrix which allows to estimate the "distance" from the complete reduction of the disturbance d. Furthermore,

following the steps described in [17], an upper bound of ||y; (k)| is obtained as

O-max (R)

ol < O e T

[Iwdll, (58)
where i = min(2n,,2n,).

D. Robustness analysis of the HC control algorithm

The analysis of the previous section is interesting because it shows that the LQ-based HC ensures a bounded
output for any bounded disturbance with a tunable upper bound, thereby granting robustness with respect to exogenous
perturbations, as also confirmed by previous studies in [9} |18} 20} 21]]. At the same time, the implementation of HC
requires knowledge of the 7-matrix: as noted in Remark ] an erroneous model of the system results in a wrong 7’ which
can in turn degrade performance and possibly lead to instability. Given the approximations introduced in deriving the
model for control, it worth understanding the robustness of the proposed algorithm with respect to model variations. To
this aim, if an estimate 7' of T is given as

T=T+AT, (59)

then the control law defined in equation becomes
u(k +1) = =TKu(k) + Ky, (k), (60)

where

K =—(TT0oT +R)"1(T7Q). (61)

As discussed in [20] the stability of the HC algorithm requires that
ps(KAT) < 1, (62)
where p,(-) is the spectral radius. An upper bound on the spectral radius of KAT can be derived by using (61) to obtain:

ps(KAT) = p,((TTQT + R)™'TTQAT)

(Tmax(T) + Omax (AT)) Oimax(Q)Tmax (AT)
o-min(R) .

(63)
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In [20]] it has been shown that if

O-min(R)

_O—max(T) 1
O-max(Q) '

Omax(AT) < —————+ _\/a—max (T)Z +4 (64)

2 2

then ps(KAT) < 1.

Remark 5 As noted in [17], there is evidence from equations (38) and (64) of the presence of a trade-off between

Tmin(R)

performance and robustness properties of the closed-loop system. If the ratio p := o)

is large, i.e., tuning aims at
minimum control effort (see equation (50)), then, according to inequality (64), the control law achieves a high degree
of robustness against parametric uncertainties. However, inequality (38) suggests that poor disturbance attenuation

performance must be expected for large values of p. a

Remark 6 The validity of the previous method is predicated on the control input being updated slowly enough that
transient dynamics do not affect the steady response measurements. Note that, if the transient dynamics is not allowed to
dissipate, the overall closed-loop response at the sample times will contain a non-zero spurious component corresponding
to the zero-input response of the states, resulting in erroneous control amplitude and phase estimates for the next
iteration. This is in fact equivalent to introducing model uncertainty in the estimate of the 7-matrix. For the space
application considered in this work, the control law update time can be much larger with respect to the decay time of
the transient dynamics (given that the balancing masses can be moved slowly), avoiding the excitation of the system

transient behavior.. J

V. Simulation and experimental results
By carefully inspecting equations (20)-(23)), one sees that the balancing problem can be decoupled in two sub-
problems, one for the xz plane and one for the yz plane, provided that the ABS is made of a suitable set of strokes
directed along the coordinate axes. Based on this idea, a breadboard representative of a single-plane ABS has been

designed and built to test the proposed control design.

A. ABS breadboard design and modeling

The breadboard (see Figure[3|and Figure[I0) has been designed with an ABS made of three movable counter-masses
lying in the xz plane of the rotor frame: a central mass, which can be moved along the x-axis (n; = e;), and two side
masses, which can be moved along the z-axis (13,3 = e3). While two masses would have been enough to balance the
system, three masses give more flexibility and allow to easily obtain a self-balanced ABS. The main components of the
breadboard are:

* the rotor structure, with the possibility of applying a known unbalance (static and dynamic) through the placement

of four masses at the corners;
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* three guides, each endowed with a linear actuator, to move the counter-mass;

* three load cell sensors in an equilateral triangle configuration forming a dynamometer;

* the stator structure;

* the rotary actuator, composed of motor, gearbox, and a differential digital encoder to rotate the rotor shaft;

* the slip ring, to guarantee the electrical connection between rotor and stator;

* the power supply, acquisition system, conditioners, and controllers.

The ABS configuration has been designed to be self-balanced, i.e., when the counter masses are in their zero
positions (s; = 0) no unbalance is added to the system (see again equations (24)-(27)). The dynamometer allows the
measurement of the interface force along the x—axis and the torque about the y-axis. The nominal angular rate of the

rotor is Q = 7.8 rpm.

Unbalance mass
(4 positions)

Vertical (x2) and horizontal actuators
with counter-masses

146cm

Rotor structure

Shaft cover

3-axis load cell (x3)

BB support interface Slipring

Figure 3 Multibody model of the breadboard.
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For the considered setup, the reaction force ” fo, (20) and torque "7, (23) reduce to the following expressions:

" fo, == QF (AS| +mys1) + mi§) — ff (65)

"10, =Q? (AJr’l3 —miZ1S1 — MyXp8sy — m3f3S3)

3
+ij [20-% ] nis; — 78, (66)
j=1

where AS| = Zj‘:l m;)E; and AJ, = Zj‘:l —m‘j‘-ff;Z‘]‘». Herein m; € R, is the j-th unbalance mass and x; € Rand Zj‘ eR
represent the j-th unbalance mass and its coordinates in the xz plane, respectively. The exogenous force component f{
is associated with disturbances acting on the platform, such as, e.g., friction between the rotor and the stator, small
inclination of the structure with respect to the gravity direction, residual static unbalance in the structure, efc.. Instead,
the exogenous torque mainly comprises the torque associated with gravity, i.e.,

4

e s . r.r
70, Nijng+mrg X +mgsy, 67)
J=1

and the torque associated with an unavoidable residual unbalance in the structure.

Remark 7 While the gravity-induced torque (67) could be considered as a disturbance to be balanced by the harmonic
controller (by including the term g in matrix Cﬁll ps 1D €quation (32)), it was decided to remove it from the measured

signal before applying the HC algorithm to better replicate on-orbit operations. a

At this point, the dynamic model of the breadboard can be written in the same form as (36). Specifically, the

matrices in equation (32)), entering the dynamics through (37), are given by:

o _ -Q? 01 2 0 01
Capy =m [—9221 02z ] o Caps = —m2 [92 %0 )?2] ’ (63)
0 00 —_0?
Cops = —m3 [% on] Daps = [ > gz] : (69)

For simplicity, we consider critically-damped second order systems for both the actuators and the sensors dynamics
with unit DC-gain (which fully define matrices A, By, Cq, D4, As, By, Cs). Matrix A(z) defined as in (37)), can be
expanded in a complex Fourier series A(7) = Y.%__ Ape/™: since Z(t) = Cos(g(’)) Cos(g(t)) ] for the considered

m=—oco

case, only the terms Ag, A; and A_; are different from the null matrix. Expanding in the same fashion B, (¢) and C(¢),
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we consider the following finite-dimensional Toeplitz matrices

Ag A-1 O B“O 0 0
A=14 AOAI] BM:[O By, 0]
0 Al Ay 0 0 By 70)
Bay Ba_, 0 Co 0 0
Bd = Bdl Bdo Bd_l ] C = 0 Co 0
0 Bdl Bd() 0 0 G

to compute the 7-matrix as given by equation (@6). The choice of the number of block rows used to approximate the
infinite dimensional matrices in (39)-(@0) will affect the numerical accuracy of the results (see [22] for an analysis of
the effect of such a truncation in the study of frequency response operators). We found that using 3 X 3 block-matrices

as in (70)) was sufficient for our purposes.

B. ABS sizing and balancing capabilities

The proposed ABS is well-defined in the sense of Assumption [3|since the system

51
mi 0 0 —ASl

5| = , (71)
mizy mpxXy; m3xs AJi3

53

derived from equations (63)-(66), admits co! solutions provided that %, and ¥ are different from zero, i.e., the system is
overactuated. Of course, due to the finite length of the strokes (5; = —s ;= 0.5 m), the maximum static and dynamic
unbalances which can be compensated are bounded. The balancing masses and their locations have been selected to
counteract all the unbalances in the set Qp = {ASl, AJi3 € R2 1 |AS)| < ASy, |AJ13] < A_J]3}, where AS; = 2.2 kgm
and AJ3 = 4.5 kgm?. The resulting ABS is characterized by the following parameters: Z; = 0.98m, Z, = 73 = 0.72m
Xy = —x3 = 0.87m, m; = 4.6kg and m, = m3 = 8.1kg. The balancing capabilities of the proposed sizing can be

evaluated from (71)) by computing the range of the map

§1
m 0 0
(51,52, 83) = [m|lzl my X _m3)z2] k) (72)
53

in the feasible set, i.e., for s; € [-0.5, 0.5]m, which corresponds to the area within the black parallelogram shown in
Figure[d As can be seen in the Figure, the red rectangle representing the set Q is strictly inside the parallelogram with

at least a 5% margin, thereby satisfying the balancing requirements.
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Figure 4 Operative range of the breadboard.

C. Control law tuning

In this section we present the procedure employed to tune the weighting matrices Q and R in the gain matrix
(57). The procedure has been performed by requiring that the measured interface loads at the nominal rotor speed
( = 7.8rpm) are below given bounds, specifically |” fp,| < AST”Q2 = 0.07 N and |"70,| < AJ{;SQZ = 0.2 Nm,
which correspond to maximum allowed residual unbalances AS|** ~ 0.1kgm and AJ{5* ~ 0.3kgm?>. As explained in
Remark 2, the selection of the weighting matrices 0, R in the 7-matrix algorithm (5T) is based on the trade-off between
performance and robustness. For simplicity, we consider R = I3 and Q = a I4 with @ := 1/p a scalar which is the only
parameter to tune. Considering the worst-case scenario, namely when (AS}, AJ3) = i(ES'l, A_Jl3), different values of
« are used in equation (36) and the related suppression levels are plotted in Figure where |"70,| = 1/ (P70,)2 + (°10,)?
and | forl | = \J(?fo,)2 + (® fo,)?. From the numerical results, @ = 10 has been chosen, which guarantees a worst-case

suppression below the maximum allowed residual unbalance.

Then, a Monte Carlo study has been carried out to assess the robustness of the tuned HC algorithm with respect
to uncertainty on the balancing masses (+0.1 kg) and on their locations (+0.05 m). More precisely, 10000 samples
have been generated and, for each of them, the upper bound on the spectral radius has been evaluated using (63): the
maximum bound on ps(le AT) found in the tests is 0.0579 (which is much smaller than 1), showing that a high level of

robustness is guaranteed with the proposed tuning.

24



r
(K
0.5 2

Allowable range | |

107 10°
1.2 i
r
1 A 1
1
08 Allowable range |
S 06 .
8
B 041 .
0.2+ N
0 I o
107! 10° 10° 102

Tuning parameter «

Figure 5 Unbalances suppression with different «.

D. Numerical results

In this section a simulation example is reported with the aim of showing the performance of the proposed ABS
combined with HC. For this purpose, a multibody model of the breadboard described in Section [V.A] which includes
two unbalancing masses (m] = 6kg at (x{, z{) = (0.75, 1.46)m and m3 = 4kg at (X3, z5) = (=0.75,0.02)m), has been
developed in Simulink. The control law has been implemented in discrete-time, with an update time of 200 s, which is
enough to reach steady-state conditions. Extraction of the harmonics to be used in the 7-matrix algorithm is performed
through a real-time Fast Fourier Transform (FFT) algorithm that processes the measured signals.

The performance of the control law has been analyzed in two different conditions. In the first one the T-matrix is
assumed to be exactly known. The results obtained for this (ideal) case in the discrete-time domain are collected in
Table[T}

In this table and in the following ones, "Iteration" corresponds to the discrete-time index; the "Force and Torque
amplitude" are computed through the real time FFT algorithm with the balancing masses in the positions reported in the
row "Actual"; the rows corresponding to "Computed" report the positions of the masses obtained with the HC at the end
of the update-time and to be implemented at the next iteration. On the other hand, the results in continuous-time domain
are plotted in Figure[6|and Figure[7]

We can see that a satisfactory vibration suppression is achieved after one update of the control law: the interface

force and torque are well below the given thresholds, with the same values for all iterations after the first update (as
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Iteration 0 1-2-3-4
Force amplitude  [N]  -1.008 -0.003
Torque amplitude [Nm]  -4.340 -0.007
Actual s [m] 0 -0.3251
Actual s; [m] 0 -0.3583
Actual s3 [m] 0 +0.3583
Computed s [m] -0.3251 -0.3251
Computed s, [m] -0.3583 -0.3583
Computed s3 [m] +0.3583 +0.3583
Table 1 Ideal case results.
5 T T
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Figure 6 Torque suppression - Nominal case.

expected from equation (54)).

In the second case, the ABS performance is evaluated in a more realistic scenario in which the system is affected
by parametric uncertainties and imperfect knowledge of exogenous disturbances, which must be removed from the
measured signal before applying the HC algorithm (Remark [7). Besides the already mentioned torque associated with
gravity (67), a sinusoidal force of the form b fe, = Aesin(wet + ¢,), with A, = 0.21N, ¢, = 1.93 rad, has been removed
from the measured interface force to replicate the disturbance identified on the real platform when rotating at very low
speed, a condition in which the force and torque associated with inertial unbalances are very smallm A Monte Carlo

study (500 simulations) has been carried out with respect to: uncertainty on the unbalancing masses (+0.2kg) and on

TWhile the root-cause of such a disturbance is probably a combination of several factors, e.g., friction, a small inclination of the structure with
respect to the gravity direction, it was found to be almost invariant with respect to the rotating speed but dependent on the specific unbalancing.
Hence, in the experimental tests, a model of the disturbance has been identified at low speed at the beginning of each test and then used to compensate

the disturbance in the signal measured at the nominal operating speed.

26

1000



1

Figure 7 Force suppression - Nominal case.

their locations (+0.1 m)ﬂ uncertainty on the amplitude (+0.05 N) and phase (+0.1 rad) of the compensated disturbance
force; uncertainty on the ABS components (balancing masses and locations) using the same values considered in the
previous section. The most relevant statistics (mean, standard deviation, maximum and minimum values) of the absolute
value of the interface loads at the last iteration of the HC algorithm are collected in Table[2] while Figure[8]and Figure[J]
depict the corresponding time-domain representations. We can see that a satisfactory suppression is achieved in all the

tests, despite the uncertainties.

Statistical parameter Force [N] Torque [Nm]

Mean 0.003 0.007
Standard Deviation 0.007 0.006
Minimum 0.001 0.001
Maximum 0.029 0.022

Table 2 Statistical properties Monte Carlo simulations.

E. Experimental results

In this section, we present the results obtained by applying the HC algorithm on the breadboard shown in Figure[I0]

In addition to the breadboard, the experimental setup includes:

* acharge Amplifier (Kistler Type 5080A) which receives the signals from the load cells and provides as output

suitably amplified analog measurements of the interface force and torque;

*The values of the unbalancing masses are used only for the computation of the gravity torque (€7) and are not needed for the on-orbit case (see
Remark[7).
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Figure 9 Force suppression - Monte Carlo analysis.

* adata acquisition board (National Instruments USB-6003) which takes as input the amplified signals;

* a laptop computer which receives the output of the acquisition board, runs the HC algorithm and sends the

commands to the linear actuators; it is also used to set the speed of the rotor.

A schematic view of the overall setup is shown in Figure[TT} The balancing tests reported in the following have been
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Figure 11 Test setup scheme.
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carried out at the nominal rotor speed (Q = 7.8 rpm) through the following stepsﬁ
1) a set of unbalance masses are mounted on the rotor;
2) data are logged for 300 s using the USB-6003 acquisition board;
3) the discrete FFT is applied to the logged signal to evaluate the interface loads amplitude at the rotating frequency
of the rotor;
4) the target positions of the balancing masses are computed through the HC algorithm;
5) an operator checks the algorithm outputs. If the positions are feasible, the operator sends them to the actuators;
6) the actuators receive the commands and we wait until the target positions are reached;
7) the steps 2-3 are repeated to check that the system is balanced. If not, the steps 4-6 are repeated until the system

is balanced.

Remark 8 The choice of implementing the HC algorithm with a human-in-the-loop approach is motivated by the
expected on-orbit procedures in which a ground operator will have to assess, for safety reasons, the correctness of the
computed positions of the masses, due to the criticality of balancing operations. It is worth mentioning that a limited

amount of iterations is expected. a

In the following, three experiments with different unbalancing masses and with increasing complexity are presented:
* a static unbalance compensation test, in which only the central balancing mass is used;
* a dynamic unbalance compensation test, in which only the vertical balancing masses are used;

* a combined static and dynamic unbalances compensation test in which all the balancing masses are used.

1. Static unbalance compensation
The first balancing test involves m] = 1.051kg at (¥],z]) = (0.75,1.46)m and m3 = 1.046kg at (x3,z}) =
(0.75,0.02)m. To compensate for the resulting static unbalance (AS; = 1.57 kgm), the ideal position of the balancing
mass m should be
51 = _A% = —0.34m. (73)

mi
The data related to this test are reported in Table |3} By inspecting the table, the slight difference in terms of the computed
position (last row of Table 3] second iteration) with respect to the ideal position of the balancing mass (equation (73)) is
likely due to the intrinsic unbalance of the structure and to a slightly erroneous compensation of the disturbance fe"’1 .
Thanks to the second iteration of the HC algorithm, the measured interface load | f51 | is reduced to 0.037 N, which is

below the required threshold (0.07N).

$As mentioned before, at the beginning of each test a preliminary test at low speed (0.5RP M) is performed with the aim of identifying possible
disturbances, not related to inertial unbalances, to be removed from the measured signals before applying the HC algorithm.
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Iteration 0 1 2

Force amplitude [N] -1.035 -0.071 -0.037

Static unbalance [kgm]| 1.551 0.106 0.056
[m]
[

0 -0.3101  -0.3130
m] -0.3101 -0.3130 -0.3169
Table 3 Static unbalance compensation test.

Actual 54 m

Computed s

2. Dynamic unbalance compensation
The second balancing test involves m] = 5.047kg at (x},z}) = (0.75,1.46)m and mj = 5.170kg at (3, 23) =
(-0.75,0.02)m. To compensate for the resulting dynamic unbalance (AJ3 = —5.45 kgmz), the ideal position of the
balancing masses m; and m3 should be
Sy = —s3 = A3 _ ) 3gm. (74)

maxa

As done for the first experiment, the data related to this test are reported in Table 4] In this case only one iteration of
the HC algorithm is required. Indeed, the ideal and commanded positions of the balancing masses (equation (74)) are
almost coincident after only one iteration and the measured interface load |7'62| is reduced to 0.152 Nm, which is below
the required threshold (0.2Nm).

Iteration 0 1

Torque amplitude [Nm]  -3.657 -0.152
Dynamic unbalance [kgm?] -5.482  -0.228

Actual s, [m] 0 -0.3810
Actual s3 [m] 0 +0.3810
Computed s, [m] -0.3810 -0.3943
Computed s3 [m] +0.3810 +0.3943

Table 4 Dynamic unbalance compensation test.

3. Combined unbalance compensation
The last balancing test involves mj = 6.193kg at (x},z]) = (0.75,1.46)m and mj = 4.185kg at (X3,2) =
(=0.75,0.02)m. To compensate for the resulting unbalances (AS; = 1.51 kgm and AJ3 = —=6.7 kgmz), the nominal

position of the balancing masses m 1, m, and m3 should be

AS AJi3 —miZ
51 =220 _033m, 5y = —55 = B TMRISL a9 (75)
mi max>

The data related to this test are reported in Table[5] Also in this case only one iteration of the HC algorithm is required
to reduce the measured interface loads below the required thresholds and the values of the commanded positions are

close to the expected ones.
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Iteration 0 1
Force amplitude [N] -1.086 -0.001
Torque amplitude [Nm] -4.282  -0.029
Static unbalance [kgm] 1.628 0.002
Dynamic unbalance [kgm?] -6.419  -0.0435

Actual sq [m] 0 -0.3328
Actual s, [m] 0 -0.3539
Actual s3 [m] 0 0.3539

Computed s

—

m] -0.3328 -0.3329
Computed s, m] -0.3539 -0.3540
Computed s3 [m] 0.3539  0.3540

Table 5 Combined unbalance compensation test.

—

VI. CONCLUSIONS

In this work, we presented the results of a pre-development activity aimed at the maturation of an ABS for the CIMR
mission. Specifically, we proposed a system made of actuated movable masses and suitable sensors, combined with
a controller based on harmonic control ideas, to mitigate the effect associated with inertial asymmetries of rotating
payloads. The effectiveness of the proposed design has been evaluated both in simulation as well as through experiments
on a dedicated breadboard. The results showed that the system is capable of reducing the force and torque induced by
the unbalance at the interface between the fixed and the rotating part within predefined bounds, even in the presence of
imperfect knowledge of the system parameters. Future work will be devoted to validating numerically the proposed
design in a representative simulation environment, accounting for antenna flexibility effects, orbital dynamics and
perturbations and to further studying the interplay between the harmonic controller for active balancing and the attitude
controller of the spacecraft, for which some preliminary results are available in [10]. Another interesting research

direction is the development of a combined control architecture for both attitude control and balancing.
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