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Abstract. This paper presents some approaches to the design and some experimental results
for a reaction wheel (RW) current and speed control loops. Reaction wheels are largely em-
ployed in satellite attitude control due to its large range of torque capability, small power
consumption and high reliability. However, to achieve such performance the RW design shall
deal with several restrictions, such as to support the space environment hazards (radiation,
vacuum, high and fast temperature variation), and launch requirements (vibration, noise and
choke). In this work some experimental results of an air-bearing table attitude control
equipped with a Fiber Optics Gyro (FOG), a reaction wheel and a small fan will be presented.
The RW is controlled by speed reference, and a second speed mode control similar to the first
one was implemented in an external computer. Both were then compared by means of the air-
bearing attitude control performance during the wheel zero-speed crossing. The results
showed that the controllers have similar performance, as expected, and the maximum attitude
error remained below 0.08 degrees, which attends the attitude requirements of Earth pointing
satellites.
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1 INTRODUCTION

With increased access to space via satellites, several nations now are engaged to gain
knowledge in the development and manufacture of qualified components to equip their own
satellites. Among these components, the Attitude Control System (ACS) shall be pointed out,
which often represent a significant portion of the satellite cost. The ACS ranges from the sim-
plest ones (and usually with low pointing precision, low cost and low reliability) to more so-
phisticated ones, which consists of dozens of devices with their own electronic and interfaces.
The ACS system is mostly composed of sensors, actuators and control electronics or on-board
computer. Almost all sensors and actuators rely solely in electronics to properly work, but
some have moving parts that can present wear and aging malfunction in the space environ-
ment. Examples of these equipments are the scanning horizon sensor (barely used in today
satellites), cold or hot gas thrusters and their valves, reaction wheels (RW) and momentum
wheels (MW - sometimes also named as flywheels). The latter are composed of a high inertia
rotor coupled to a brushless DC motor (BLDC motor). They provide attitude control by ex-
changing angular momentum with the space vehicle. Although the cost of the reaction and
momentum wheels is constantly decreasing, the manufacturing complexity and especially
their required reliability makes then still expensive. Currently RW are required for satellites
ranging from few pounds to several tons. The main challenges in its construction are the bear-
ing design, bearing lubrication, assembly sealing and motor control electronics. Performance
requirements introduce several additional constraints, such as low power, low mass, small
volume and high reliability, among others.

It is well known the fact that the friction in the bearings modifies the behaviour of the
wheels so their performance is compromised. In fact, the static friction delays the motor to
start till the stator current reaches a certain threshold [1], introducing a dead zone operation
around the zero-speed or when the wheel reverses its rotation sense. This dead zone causes a
noticeable error in the pointing attitude, sometimes large enough to exceed the maximum re-
quired attitude deviation during wheel reversions. In order to avoid the disagreement between
command and response, the wheels are normally equipped with a speed control loop that ad-
justs the current in order to make the wheel to follow a given reference speed rate. This con-
trol is called speed mode operation, in contrast to the current mode. Since the angular
acceleration of the wheel is linked to the net torque (the difference between the motor torque
and the friction torques), the speed mode is also named torque mode.

Because aspects involving the reaction wheel technology have commercial appeal, only a
small number of academic papers report RW design details or performance tests. While sev-
eral papers deal with models of friction in ball bearings or a general BLDC electronic drive,
few can be associated with the wheel design. In fact, a significant parcel of BLDC motor ap-
plications in the industry is associated with servomotors for robotics or machine tools. In the
first case, the precise position control is the focus rather than velocity, and, in the second case,
the operation is generally done at high speeds, whatever it may be. A reaction wheel, in con-
trast, must operate at peak performance in a precise angular velocity, ranging from zero to
plus or minus an upper limit.

In [2] the friction parameters of a reaction wheel commanded in current are raised from
experimental means and calculated by curve fitting, based on minimum quadratic variation,
and took into account the Coulomb and viscous frictions. In [3] a DMC (Dynamic Model
Compensator) of the non-linear friction was used to control the attitude of the air-bearing ta-
ble. The DMC decreased the attitude error during wheel reversing by one order of magnitude
when compared to the normal current control mode. Later the control modes, current and
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speed, were compared in [4], which showed that the DMC introduces an error comparable but
slightly higher to the speed control mode.

Few works in the literature relate friction models with reaction wheels bearings [5, 6]. On
the other hand, several papers present friction models and estimation of parameters in rotors,
as in [7] and [8], including a friction dynamic model [9, 10], based on the LuGre (Lund-
Grenoble) friction model [11]. This last model was later employed in [12] to estimate the pa-
rameters of a reaction wheel by Kalman filtering. A model of the slip-stick phenomenon was
simulated in [13], while [14] presented a dynamic model based on the generalized Maxwell-
slip friction. In [15] it is proposed a dynamic controller for system with a bristle model for
non-linear friction effects. In [6] it is shown a simulation of a satellite attitude control includ-
ing the RW with the LuGre friction model, for both the current and the speed control modes,
and concluded that the speed controller is better than the current controller. A simulation of a
RW designed for Cubesats is presented in [16].

The National Institute for Space Research (INPE) of Brazil started a development program
of reaction wheels for small satellites, supported by the SIA (Inertial Systems for Aerospace
Applications) project, which aims to reach an engineering model in the next few years. Sev-
eral Brazilian universities and technology institutions are involved in this program. In order to
increase the technological knowledge base of reaction wheels, their operation modes, elec-
tronic circuitry and bearing friction have been studied and analysed, so as to have a mathe-
matical model not only for the wheel dynamics, but also to serve as a guide line of the motor
controller design and development.

In this direction, the work presented here will describe an external speed control loop im-
plemented in an off-the-shelf reaction wheel, and some comparisons of this control with its
own internal speed control. The experiments will be conducted using an single axis air bear-
ing table equipped with the RW, a FOG (Fiber Optics Gyro), a RW/FOG electronic control, a
wireless modem for telemetry and remote command, a power supply battery and a computer
fan used to generate a disturbance attitude torque, all shown in Figure 1.

RW/FOG L W

electronics

Figure 1: Single axis air bearing table with the RW and the FOG gyro.

An attitude controller based on the table pointing error, provided by the integral signal of
the gyroscope, will be implemented on an off-platform computer, which communicates with
the control electronics via serial wireless modem. The external speed control loop will also be
performed on the computer, and will rely on the telemetry information of the wheel’s speed
rate. The output response of this wheel will be reported for both the external and internal
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speed mode control loops. Finally, these two controllers will be compared by means of the
air-bearing table attitude error when the wheel is forced to reverse its sense of rotation in re-
sponse to the action of the fan.

Section 2 will describe the dynamic and kinematical models of both the table and the reac-
tion wheel, together with its block diagram. In Section 3 the RW speed controllers will be
presented while the air-bearing attitude control is shown in Section 4. The experimental re-
sults are shown in Section 4, followed by the conclusions.

2  KINEMATICS AND DYNAMIC MODELS

The single axis air-bearing table can be modelled as an inertia subject to the disturbance
torque and the reaction wheel torque. The dynamic equation for a single axis motion is then
given by

J,o0=T,-T, (1)
where J, is the platform inertia around the vertical axis, o is the table angular rate, as meas-
ured by the gyroscope, 7y is the disturbance torque and 7, is the wheel’s reaction torque,

given by the difference between the motor and the wheel’s friction torques. On the other side,
by applying the angular momentum law to the flywheel it has

J,(0+0,)=T,, (2)

in which o,, is the wheel’s angular rate relative to the air-bearing table and J,, is the flywheel
inertia, including the rotor and any rotating mass attached to the flywheel. The air-bearing ta-
ble and wheel dynamic equations can be manipulated so as to result in

T, T

Jp Jp
and
o, = te, 4)
J. J,
where the mean inertia J, is defined by
J = Il (5)
r J ’

and J is the total platform moment of inertia around the rotation axis (J/ = J, + J,,). The dy-
namic equations can be solved numerically or analytically if both the disturbance and the re-
action torques are known. Assuming that a viscous linear torque plus a constant Coulomb
torque compose the wheel’s bearing friction, then the reaction torque can be modelled [4, 17]
as:

T =T -bo,6 —csgn(o,) (6)

where T, is the motor torque, b is the viscous coefficient and c¢ is the Coulomb torque, some-
times also said the static torque. Since the wheel’s DC motor characteristics are unknown, a
simple solution is to assume that the motor torque is proportional to the applied electric cur-
rent and then

T =k I, (7)

m m
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in which £, is the motor constant and / is the current. Those equations are valid whenever the
wheel is rotating, that is, ®,, # 0. If the wheel’s is stopped, the Coulomb torque shall be slight
changed in order to accommodate a current dead zone around null speed, which leads to

k,1-bo,—csgn(o,) T

- ifo,#0
J, »
o, = , )]
kI T, k,I T, .
m_ <% _csat —— [, ifo =0
J, cJ, «cJ, "

and sat(-) is the saturation function, defined by

x, if —1<x<l1
sat(x) =<—1, ifx<-1 . 9)
I, ifx>1

This means that the wheel won’t start to rotate unless the applied torques (motor and dis-
turbance) are greater than the static torque. The kinematics of the single axis table is quite
simple, and can be stated as

0=0, (10)

which shall be numerically integrated by the attitude estimator. Figure 2 presents the block
diagrams in Laplace transform for both the air-bearing table and the reaction wheel. In [4] a
more detailed diagram of this reaction wheel was presented, including the friction torque, and
in [17] the friction coefficients (static and viscous) were estimated by least squares (statistical)
and deterministic methods. In this work the statistical coefficients were adopted; they are
shown in Table 1, together with other parameters of the wheel and the air-bearing table. The
input for the RW dynamic model is the current, and therefore this is the current control mode.

1
Friction model \
1
1
1

______________________________________________________

Figure 2: Air-bearing table and reaction wheel block diagrams.

3 RW SPEED CONTROL LOOP

The RW uses a PI (Proportional-Integral) controller so as to adjust its current based on the
error between the required and the measured wheel’s angular velocity. The controller can be
represented by
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L,(0)=K, e)+K, | e(t)dt, (11)

where K, and K; are the proportional and integral gains, /.(?) is the required motor current
and the error e(¢) is computed as the difference e(f) = ;s — ®,.. In the discrete time domain,
by applying the z-transform to the above relationship, one has

Ly (k) =1, (k=D+K, e(k)~ K, e(k 1), (12)

in which e(k) is the error at time #, k=0, 1, ..., K, =p (K, +K, At), K, =—p K, At is the

time interval between sequential measures, and p is a proportional constant equals to 10723
rd/s/A, or 102.4 rpm/milliamperes, according to the RW interface document. The internal PI
gains are K; = 2000 and K, = —1900 according with the same document, although they can be
changed by command.

Parameter Symbol Value
Viscous coefficient b 483 x 10°Nms
Coulomb torque c 0.8795 x 10° N'm
Motor constant ki, 0.0228 N m/A
Wheel’s inertia Jw 1.5 x 10~ kg m’
Platform inertia J, 0,4954 kg m”

Table 1: Wheel and air-bearing table estimated parameters.

The time interval was adopted as 0.2 s for both the sensor measuring (FOG and RW speed)
and the attitude control loop. The speed control loop is depicted in Figure 3 and was dupli-
cated, besides in the internal RW/FOG electronics, in the external computer. A 1000 rpm ref-
erence speed was commanded to the RW and the results are shown in Figure 4, for the
external and internal control loops. It can be noted that the internal controller presents a better
performance when compared to the external one, although the difference in the setting time is
small. That’s expected since the internal control probably uses a shorter sampling and control
time interval. However the Bode diagram of both controllers, shown in Figures 5 (amplitude)
and 6 (phase), are similar, except for the phase angle, in which the external control appears to
be a little bit better. Is worth to mention that the frequency range that the RW is subjected
when it is in normal orbit operation is less than 0.01 Hz, if the high frequency noise coming
from the sensors is filtered. Therefore the small phase margin favouring the external control at
high frequencies can’t be considered as an advantage.

T,

i - _ﬂV>
Oref 1 € K +—i | 7g | Current Mode EC‘)W»

D+ P !

i RW speed mode i

Figure 3: Reaction Wheel speed control loop.

4 AIR-BEARING ATTITUDE CONTROL

A conventional current mode PID controller was implemented in the off-platform com-
puter so as to provide a way to compare the performances of the current mode and the speed
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mode controllers. The PID current controller was presented in [4] which showed that the
maximum attitude deviation of the platform during RW reversal was almost 2 degrees, while
this error remains bellow 0.05 degrees when the wheel is far from zero speed. That discrete
controller was calculated by

u(k) =k, e(k) +k, o, (k) +k, Zk:e(k)At, (13)

i=0

where the attitude error e(k) is computed by
k
e(k)=Y o, (k)At, (14)
i=0

for a null reference attitude, and the adopted sampling time interval was 0.2 seconds. In this
equation m.(k) is the FOG measure at time #, = k At, k=0, 1, 2, ..., already corrected by the
gyro bias and the Earth’s rotation rate, that estimates the air-bearing table angular speed .
The gains were adjusted by trial, in order to have a minimum setting time with an over
damped response to an impulse, and are k, = 0.04 A/deg, k; = 0.2 A s/deg and k; = 0.001
A/deg s. For the current control mode the reference current is given by the control signal u,
that is, L(1) = u(?).

1000 T T T | T i T T L
800 — —
el L ]
é 600
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3 i _
& 400 Internal control
m — — — — External control 7
200 | —
0 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
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Figure 4: Step response of the RW for a 1000 rpm commanded speed, for the internal and external controller.
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Figure 5: Bode diagram of the RW for both speed controllers: internal and external.

To derive the speed control law, one starts with the Eq. (7) that relate to the motor torque
with the motor current. By the other hand, getting the discrete version of Eq. (2), it yields
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Ao(k)+ Ao, (k) :Tw(k)%. (15)

By assuming now that the platform acceleration Aw(k)/At is negligible when compared to

the wheel acceleration, and that the RW liquid torque 7, can be approximated by the motor

torque 7, then the reference wheel speed at time # can be calculated from the last expression,
giving

k At
@, (k) = 0, (k1) + == 1 (k). (16)
w
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Figure 6: Phase angle of the RW for the internal and external speed controllers.

If now the current / is adopted as the signal control u, that is I(k) = u(k), both the speed and
current controllers shall present a similar steady state performance, although with noticeable
different behavior during the wheel’s sense reversal. The block diagram of the speed mode
attitude control is shown in Figure 7. Since there is no attitude angular sensor, the gyro data
shall be integrated in order to provide the angular measurements. A simple mean filter on the
gyro measures was implemented in the external controller, in order to avoid control instability
due to the FOG noise. However this mean filter, based on a simple mean of the 3 last meas-
urements showed small improvement since the high air bearing inertia acts already as a low
pass filter.

T, N
T, l | o
. RW - -
Oref | Speed Mode | ®w "2 J, s
1
— |-
S

Figure 7: Block diagram of the air bearing attitude control with speed mode RW control.

The main result from the controller test is presented in Figure 8. The RW started with —100
rpm and due to the fan torque the controller speeds up the wheel, in order to compensate it.
This torque can be estimated from the gradient curve of the angular speed, and resulted 4.4 x
10* Nm and 4.0 x 10* Nm for the external and internal speed control, respectively. This
torque is two orders of magnitude higher than the environmental torques found in orbit. The
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wheel reverts its rotation sense at 35.2 and 37.4 seconds, which are clearly seen in Figure 8,
that shows the attitude error. Just after the zero-speed crossing the error starts to increase
caused by the non-linear friction, but remains below a reasonable maximum error of 0.01 de-
gree. When compared with the current mode control the difference is remarkable: more than
20 times lower. It is still to be analyzed the impact of the magnitude of the disturbance torque
on the error, since the fan torque is far larger than the usual orbital torques, and the stability of
the error rate during the wheel’s reversal.

80 T T T T T T T T T

i\ —— Internal control -]
i — — — — External control 1
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Figure 8: Attitude error of the air-bearing table with speed mode control.

5 CONCLUSIONS

This work presented experimental results of an air-bearing table attitude control with FOG
gyro, a reaction wheel and a small fan employed to generate a disturbance torque. The reac-
tion wheel dynamic model, including the bearing friction, was obtained and was characterized
by means of step response and Bode diagram for speed mode control. The block diagram for
both current and speed mode control was derived. A second speed mode control similar to the
one found in the wheel drive electronics was implemented in an external computer and com-
pared by means of the attitude control performance during the wheel’s rotation sense reversal
for both controllers, internal and external. This was intended so as to get design knowledge
base for a future RW development. The results have shown that the controllers have similar
performance, as expected, but there is still some margin for performance improvements, like a
predictive model control that includes the dynamic model of the reaction wheel, for instance.
The maximum air-bearing table attitude error remained below 0.08 degrees with no filtering,
which comply with fine attitude pointing stability of small satellites for Earth observations.
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