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Abstract:

The ever-increasing use of artificial satellites in both the study of terrestrial and space phenomena is demanding a
search for increasingly accurate and reliable pointing systems. Attitude control systems rely on sensors and actuators
that follow these requirements, but its cost is still high, with little tendency to fall. It is common nowadays to employ
reaction wheels for attitude control that provide wide range of torque magnitude, high reliability and little power
consumption. The wheels are composed by a Brushless DC motor (BLDC) whose rotor is attached to a flywheel. The
low torque generated by the motor and the high inertia causes the wheel to accelerate or decelerate at very low rates.
However, the bearing friction causes the response of wheel to be non-linear, which may compromise the stability and
precision of the control system as a whole. This work presents a characterization of a reaction wheel of SunSpace Co.,
maximum capacity of 0.65 Nms, in order to estimate their friction parameters. It used a friction model that takes into
account the Coulomb friction, viscous friction and static friction, according to Stribeck formulation. The parameters were
estimated by means of a nonlinear batch least squares procedure, from data raised experimentally. The results have
shown wide agreement with the experimental data, and were also close to a deterministic model, previously obtained
for this wheel. This model was then employed in a Dynamic Model Compensator (DMC) control, which successfully
reduced the attitude steady state error of an instrumented one-axis air-bearing table.
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INTRODUCTION

This paper presents a Dynamic Model Compensator@ptbntrol of reaction wheel in current control reod he
error is compensated for by means of a mathematioglel of wheel dynamics and bearing friction. Rieacwheels
are actuators largely employed in attitude consudbsystems in order to provide attitude pointing atability of
artificial satellites. They consist of a Brushld3€ motor (BLDC) coupled to a high inertia flywhedlhe torque
applied to the wheel is sensed by the satellitehim opposite direction, allowing the attitude cohtbased on
information of inertial sensors like gyroscopesn sgensors, magnetometers and star sensors. Readiggls are
devices that must operate continuously for sewarals in vacuum conditions, subject to wide vasiaiin temperature
and high radiation doses. So, its reliability ameliy are essential to the satellite health. Thesgirements pose great
challenge to a reaction wheel design, which makeh squipment highly complex and expensive. Reaatibeels are
classified according to its capability of storinggalar momentum; from the small ones employed icroagatellites to
large ones appropriated for orbital stations anmroanication satellites. Normally reaction wheels aperated either
in current (or equivalently torque) mode or in sperode. In current mode the electronics delivees riecessary
current to the motor in order to achieve the conuedrtorque. In speed mode a secondary outer cdatplregulates
the current to eliminate the error between the camaed angular speed and the flywheel speed, whioteasured by
some sort of rate sensor (usually Hall effect sensmptical incremental encoder). The speed maxtéral avoids the
bearing friction effects, which causes a non-linbahavior in the current control mode. However,espeontrol
introduces more complexity in the electronics alsd aauses some delay in wheel response. In codessiure linearity
in the current mode, and eventually disregard theed control mode, this work suggests mitigating effects of
friction by adopting a DMC controller in currentritool loop. This compensator was applied to antludfshelf reaction
wheel that operates in both current and speed mbke.friction model includes Coulomb, viscous arndtis or
breakaway torques. With the aim of evaluating thetol performance, the static friction was repthbg the Stribeck
friction, which, unlike the previous one, does po¢sent discontinuities when the motor reverseitgion sense. All
friction parameters and the motor coefficient wetdained by a least squares fit of data collectednfseveral
experiments performed with the wheel in current exdthe experiments consisted of a continuouslyimgrgurrent
command in order to stimulate the wheel throughiousr speeds and sense inversions, so as to assuectc
parameters identification and model fidelity. Th&MO was then introduced in the attitude control lanfpan air-
bearing table that emulates the frictionless camat found in space. The table has a fiber optimggope for
measuring angular rate (that provides the referéoic¢he attitude after integration), the reactiwheel, a system of
radio-modem for reaction wheel telemetry and condnand a power supply battery. A small computenfas placed
in the air-bearing table, so as to yield a smatjte, which shall be duly balanced by the attitadetrol procedure. By
proper selection of the initial conditions plus fae torque, the wheel will be forced by the at&wontrol to reverse
its direction of rotation. The results show thatrthis a significant gain when the DMC is impleneehnin the control
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loop, when compared with the simple current mod#rod, with control performance comparable to theed mode. It
is also presented in this study a comparison oftatistical method for determining friction and toroparameters with
a deterministic method, in which each parameter heen obtained from a dedicated experiment to iglhlits
influence.

In Carrara and Milani (2007) the friction paramstef a reaction wheel commanded in current areedafsom
experimental means. In that work the wheel is stilife specific commands in order to highlight aticatar parameter.
These are then calculated by manual curve adjustrhased on minimum quadratic variation. The madsd took
into account the Coulomb and viscous frictionsChrrara (2010) the same model was used in andstitantroller of
an air bearing table. The controller used commanclirent with dynamic compensation based only oal@nb and
viscous frictions. With this method it was possitdereduce the error during wheel rotation invensiy an order of
magnitude. Later it was made a comparison betwieenvto forms of control in Carrara et al. (2011hiethh showed
that the dynamic compensator introduces an ernmpeoable but slightly higher to control mode in #myular velocity
of the wheel. The wheel friction parameters plues $ltribeck friction (in fact, a continuous and €iffntiable model of
static friction or departure friction) were estimatby a Kalman filter in Fernandes et al. (2013)t With non-
conclusive results, because of the scarcity of mtelexperimental data. Few works in literaturateefriction models
with reaction wheels bearings (Moreira et al., 208Benming and Cheng, 2006). On the other hanraksrticles
have friction models and estimation of parametarsotors, as in Olsson et al. (1998) and CanuddsGa (1997),
including a dynamic model for friction by Canudasaé (1997). This work proposes to estimate, byamseof a
nonlinear least squares procedure, the parametdrse driction of a reaction wheel, shown in theoph of Fig. 1,
considering not only the Coulomb and viscous foie#, but also the Stribeck friction. The paranseter estimated are
then compared to those obtained in Carrara andnM{2007) and Carrara (2010). In the following smts$ will be
presented the formulation of friction model andluf estimation of parameters. The experimentallieappear next,
together with the comparison between both methetigistical and deterministic. The conclusions aresented in
sequence. The reaction wheel used was manufachyresunSpace (Engelbrecht, 2005) and acquired bySgaze
Mechanics and Control Division of INPE.

MATHEMATICAL MODEL

For gathering data necessary for this work, a setage by Carrara and Milani (2007) was used. learibg table
system of one degree of freedom in rotation (Fjga teaction wheel with maximum capacity of 0.65\eommanded
by current via serial interface, a fiber optic ggecope of one axis (not used in this work), a coninamnd telemetry
electronics, a radio modem for communication wite equipment and a battery for power supply westaliled. The
programs needed to command the wheel and makeuthent readings and angular velocity were writterCi++, and
run on a computer that is external to the table.

Fig 1 — Experiment mounted on the air-bearing table.

The mathematical model of a reaction wheel is ayj@is to the model of a DC motor, which inertia intds,
besides the rotor inertia, the inertia of the flyehattached to the axis of the wheel. In the modekidered here it was
included the viscous friction, Coulomb friction atite friction of Stribeck. The differential equati@escribing the
motion is:

T, =J, G+ bw+sgn@{c+d e‘“’z"*’q 1
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whereT,, is the motor torque, the wheel's and rotor inasti, b is the coefficient of viscous frictiom,is the Coulomb
friction torque,d is the starting torquey is the angular velocity of the wheel amdis known as Stribeck speed (Olsson
et al.,1998; Canudas and Ge, 1997). The torque nmdisplayed graphically in Fig. 2. The startimgqued can be
decomposed on the difference between the statguéor, and the Coulomb torque i.e.d = Ts — c¢. Neglecting

nonlinear effects present in current to torque eosion, one can consider that the torque applietheéomotor is
proportional to the current in the statrin the form:

T, =k (2)

} T Stribeck

Ts M
— = Viscous
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w

Y

Fig 2 — Friction torque model used in the parameter estimation.

In current control mode, one commands the curremt the wheel and get telemetry readings of angudbocity w
and current itself, which may be slightly differédndm that commanded due to the presence of amnaiteurrent
control loop to the wheel. For the estimation ofgpaeters by means of a least squares procedurstatieeto solve for
is composed by the angular velocity, the motor taots viscous friction coefficient, Coulomb torqaled static torque.
Since the inertia of the wheel cannot be estimatddpendently of other parameters, the inertiaevapplied by the
manufacturer of,, = 1.5 10°kg nf was adopted. The state to be estimated is then

x=(w k,/J, bl/d, c/J, T./3,) =

:(Xl X X3 X, Xs)

3)

T

Stribeck speedy; could also be estimated, but preliminary testsagibthat the noise present in the measurements
at low speed, where this parameter is importantnatoallow a good estimate of its value. In additibe estimated
values of the remaining parameters are barely teffleby . As a result one adopted to this speed the 4 ralumev
obtained indirectly through a mapping of the averagrrent as a function of the angular velocitytef wheel at low
speeds, using the speed control mode.

From the Eq. (1), the dynamical model for the eation process is drawn:
X =%l _X3X1_Sgno(lix4+ (>(5_X4)éxf/u§} (4)

Once the dynamical part is represented by only (inee) variable (rotatiorx;) and the remaining states are
parameters, the non-null elements of the corredpgnicobian matrix of partial derivatives are:

?,2:_)(34'2:)12 sgné, ) é(s_XA)e—xf/wﬁ (5)
g:: = 6)
L, 7)
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The data were generated with the wheel subjectédidocommand profiles, both with small amplitude, as to
keep it at low speeds and with periodic reversalshe direction of rotation, as shown in Fig. 3.eTirst profile
consisted of multiple sinusoidal cycles in whicltle@eriod had the amplitude and the period choaedamly within
certain limits. The second profile had random atagk, constant current in each actuation, and sevéirection every
30 seconds, similar to a square wave.
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Fig 3 — Sinusoidal (left) and stepwise (right) profi  les commanded to the reaction wheel.

The bearing temperature and atmospheric presssideithe reaction wheel were monitored during titeéerun of
the profiles, with duration of 300 seconds eaclth@ugh it is plausible that the temperature infieeenon friction and,
as a consequence, also in the behavior of the wtigelinfluence has not been taken into accoutiis model, since
the variation of both during the experiment was lgnfess than 4 C in temperature. Note that, particularly in Fig.
right, the Coulomb torque causes changes of indledh the curve of the angular velocity when eeses its direction
of rotation. This is an indication that these ekpents are able to provide information for this astter estimation
parameters, which will be presented in the follgyvéection.

ESTIMATION PROCEDURE

The procedure of parameter estimation from Eqw@g based on the batch least squares method. Tigbteg: loss
functionJ, considering a-priori information, in norm notatjds given by:

3=y =+ % =X (10)

where ||[n]represents the norm of a matrix or vectois the vector containingn measurements$ is themxn matrix

that relates the measurements to the statien elements X, is the a-priori state valu® is themxm covariance matrix

of measurement errors, arR}, is the covariance matrix of the errors on theiarpstate. Initially the loss function is in
the form:

2

,. (P&l)mko _ (Pél)l/z « (11)

(R | Ly
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2 . I :
where (D]1 represents a square root matnx(tBﬁ. Utilizing an orthogonal transformatidnof e. g. Householder, that
does not change the norm, one triangularizes tsteisyso that:

(Pg)l )1/2 ),20
T 1/2 12 X 12

(R*)"y ] [(R?)H (12

Y, 0
Note that after the orthogonal transformatidn,is anxn triangular matrix0Q is amxn matrix of zeros, ang; andy,

are vectors of sizes andm, respectively, resulting from the application loé torthogonal transformatioh Therefore
the minimum of the loss function is simply:

2

2
=y, =Ho .l

x

Imin =vo|® i [ys—Hwx| =0, (13)

which is the least squares solution according twdam and Hanson (1974). Once the maHtixis triangular, the
resolution of:

y1 =HX (14)

is trivial (back substitution), and is the estimated state vector. This approach wdsctn Fortran and adapted (Kuga,
1989) to solve the non-linear problem of estimatdrriction parameters. From an initial conditicn (a-priori), the
solution is obtained iteratively and converges Kjyiin few iterations.

ESTIMATION OF FRICTION PARAMETERS

Some of the friction parameters of this wheel wesémated by Carrara and Milani (2007) a@drrara (2010) in
previous works. Because very specific methodsrdividual computation of the friction parametersevased in those
works, they were named deterministic methods, imtrest with the statistical methods employed is gtudy. By the
deterministic methods there were obtained the visdrction coefficienb = 5.16 16 Nms, the Coulomb frictios =
0.8795 1G Nm and the motor constakt = 0.0270 Nm/A.

In the parameter estimation procedure the depastate vector was set to:

x,=(0 18 0.00344 0.5863 )b (15)

which correspond to the values of the deterministithods, as defined by Eq. (3). The profile 2 wsed to estimate
the values of the parametexs, X3, X4, X5 . The profile 1 (sinusoidal) was used to validdte ¢stimated parameters. In

the least squares procedure one assumed thabrotaasurements had a standard deviation of abguh5The state
vector after convergence of the procedure was

%,=(0 15.205 0.00322 0.5863 0.6083- (16)

Considering the inertia valuk, = 1.5 10°kg n?, the friction parameters result in= 4.83 16 Nms,c = 0.8795 16
Nm andk, = 0.0228 Nm/A. Table 1 shows the results obtaiheckin. It is realized that the highest differemezs
encountered in the motor constant, which was 15%wbé¢he deterministic method. The Coulomb torqud dot
present meaningful difference within the accuradgrance adopted in its computation.

Table 1 — Friction parameters of the reaction wheel

Parameter Deterministic Statistical
Motor constant Km 0.0270 0.0228
Viscous coefficient b 5.16 10° 4.8310°
Coulomb torque c 0.8795 10 0.8795 10°

Static torque Ts - 0.9055 10°
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Figure 4 shows to profile 1 a comparison of the snead (Fig. 3) and estimated speeds by the detistiiand
statistical methods. Note that both methods presémilar results, however the error with respect actual
measurements is still relatively high.
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Fig 4 — Results of deterministic and statistical me  thods in the profile 1.

Figure 5 shows the same results for the stepwisEeP (Fig. 4). Note clearly the better closenefshe statistical
adjustment (compared to the deterministic onehé¢oetxperimental rotation measurements.

Figure 6 shows the measurements (in red), anceiduals between the measured rotations and thess/aktimated
by both methods (deterministic and statisticaly,tfe sinusoidal profile 1. Increasing residualarrée zero crossings
are verified, where the friction models has lowerfprmance.

Figure 7 show the residuals between measured amda¢sd rotations for the stepwise profile 2. Italso quite
pronounced the best performance of the statistidistment at low speeds (50-100 rpm).

The results indicate problems in the wheel respatdew angular rates, mainly in transitions crogsthe zero
level. Nevertheless, the model obtained by thessizdl estimation of parameters behaves bettethim range. In
practical terms, the use of this model in a corgg@tem provides a smooth transition through zand, can eliminate
the need to define a dead zone, facilitating thegieand implementation of the control system. s dther hand it
should be noted that the mathematical model usdabith methods is symmetrical with respect to thedtion of
rotation. However there is evidence (Canudas aridbks 1987) that bearings may be asymmetric, atihdhe degree
of asymmetry is in general small.
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Fig 5 — Results of deterministic and statistical me  thods in the profile 2.
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Fig 6 — Estimation residuals of profile 1 (left) and 2 (right).

TORQUE MODE CONTROL

In order to emphasize the non-linear friction effecthe controller performance, a cooler fan wHached to the
air-bearing table and oriented in such a way thimbduces a small but constant torque. The iniddcity of the wheel
was adjusted so that a zero-speed crossover odatirgy the control action. A PID controller was dge control the
attitude of the air-bearing table, based on thegrated signal of the FOG gyro. The PID gains waipisted to
minimize or to avoid the overshoot response iruatd, and were kept constant during the whole éxmart. The air-
bearing table dynamics can be modeled as a oneigiddody with inertial and the fan disturbance torquge

J,Q=T,+T, (17)

whereQ is the table angular velocity, as measured byB& gyro, and,, is the wheel’s reaction torque.

Figure 7 shows the attitude error with a null refere signal, while Fig. 8 shows commanded curesqials to the
PID signal, i. el =u whereu is the PID output. The maximum attitude error esauring wheel's reversion, at elapsed
time of 230 seconds, approximately. The torque g#ed by the fan could be estimated based on tlgelan
momentum variation, resulting 0.46 30Nm, and is practically constant. The attitude eremaches 1.5 degrees after
zero-speed crossing, followed by an error of 0.gréle in steady state. From controller viewpoinis theans that the
pointing requirement is no longer accomplishedmydero-speed crossing. Most of the error is du@ddong time the
integral controller takes to compensate the faanghg in the friction torque during wheel reversids it will be
shown, the DMC controller changes the control digisaquick as the friction torque, allowing the Rtbrespond only
to the external disturbance torque.
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Fig 7 — Attitude error during zero-speed crossing a  nd with external disturbance  (cooler fan).
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Fig 8 — Control signal (motor current) under extern  al disturbance.

DYNAMIC MODEL COMPENSATOR CONTROL

Using a nonlinear controller to handle the zercespproblem of the reaction wheel is a natural cqusace of the
fact that the mathematical model represents thabehof the wheel reasonably well. It is, therefostraightforward
to use this model as a nonlinear compensator éocdmtroller, and to make the wheel action direptlyportional to the
PID signal (Canudas De Wit and Lischinsky, 1991)c8& the table responds to only an acceleratiahefvheel, the
control command shall be in the form:

I :u+£m+ sgn@)[c+d e“"z""g] (18)
K K

whereu is the PID control signal. For a null wheel anguelocity the compensator takes the form:

| =u+(c+d)sgn@) /K. (19)

Figure 9 shows a simplified block diagram of thexayic model compensator (DMC) control. The new culer
was tested under the same condition as the toraguike montrol, but incorporating the dynamic compgasaAs can
be seenin Fig. 10 and 11 (analogous to Fig. 78nke error was almost negligible, with a maximdeviation of only
0.1 degree during wheel reversion and it took aBOut to reach the steady state. The large erralinudst 0.6 degree is
due to the initial step response of the contrahatbeginning of the experiment, and shall notdresclered as a steady
error. The control signal is shown in black in Fidl, and separated in its two components: theidrictlynamic
compensator (in red) and the PID signal (blue durlteis clear in this graph that the PID contrslapproximately
constant, as it would be expected due to the distgrtorque of the fan. The PID controller gaingavkept identical to
those used previously, although they could be &ljum order to achieve a better performance, sineedynamics is
now almost linear due to the model compensator.

(V] Td
- +
Reactiol Tw w
PD % wheel + Js

Figure 9 — PID controller with RW dynamic model comp  ensation.

The effect of the Stribeck friction is barely seéerfig. 11, which indicates that this friction istrso significant for
the wheel's behavior. In fact, the same experimeas carried out without the Stribeck friction modethe DMC (not
shown in this paper), which showed similar resultewever, it is not recommended to simple neglbet $tribeck
factor, since it introduces some sort of hystertigs should be important during motor starting eakrsing.
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Figure 10 — Attitude error of the air-bearing table with DMC control.
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Figure 11 — PID controller with RW dynamic model com  pensation.

CONCLUSIONS

This article presented a computational and mathieaiatnodel for a reaction wheel of SunSpace (Engelit,
2005), obtained from non-linear models of Coulorib¢ous, and Stribeck frictions, based on testimd) @xperimental
measurements of the behavior of the wheel. Preweork did not include Stribeck friction, and thelues of the
parameters of friction (Coulomb and viscous) webtamed deterministically (Carrara and Milani, 20@arrara,
2010). Based on this more complete model, it wasmaplished a non-linear estimation of states amdrpaters by the
method of least squares, using data from two empsris: one with sinusoidal profile, and anothehwgbsitive and
negative levels, where the transitions by zero eescised numerous times (24 times in the sinubpiddile 1and 9
times in the stepwise profile 2). As expected, ddgd performance of the models in the crossingseby was noted,
but with better fit of statistical method. A nordiar Dynamic Model Compensator (DMC) for the reactwheel
control was then implemented in order to make theet/behavior linear. The controller showed imprbperformance
in this new condition and reached the maximum eofoonly 0.1 degree at zero-speed crossing. The véSented
also smooth responses near zero, as expected,ewiths smaller than the ones presented with thermbatistic
parameter estimation method (Carrara et al., 20Da¢ to this, the compensator significantly redutiesl nonlinear
effects that occur in the response of the whedhduhe reversals of direction, avoiding the modistretization and
decreasing the complexity of the control synthésihis type of actuator. Future works suggestube of this model in
a control system of position (angle) or angularoe#y and corresponding performance comparisongetims of
response time, performance and accuracy.
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