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Abstract

The paper presents an outlook into the application
of single gimbal control moment gyros as actua-
tors for orientation control of a future radio-range
Earth remote sensing (ERS) spacecraft. It describes
the precession rate control algorithms for single-
gimbal control moment gyros which fulfil the
requirements on spacecraft control systems.
Mathematical modelling is used in order to show
the implementability of the requirements and the
assurance of the required stabilization accuracy
during the ERS functioning
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Introduction. The paper describes a radio-range ERS spacecraft [1]. It is as-
sumed that for the most of its operational life the orientation system of the
spacecraft is active controlling its roll (i. e. angle of rotation around its orbit
tangent line) [2, 3]. Figure 1 features the flight scheme and the directions of the
coordinate systems fixed on the spacecraft (OXYZ).

It is assumed that the range of roll angles required for ERS functioning is
between -55° and +55°. The ability to change the orientation fastly in order to
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re-focus the ERS devices on another object is a
key capability of an ERS spacecraft. This capabil-
ity motivates the following requirements: the
spacecraft shall be able to make a turn around ¥ \K
the roll axis for 110° in 60 s, 35° in 30 s, 25°in
15 s. During the ERS functioning (radio imag-

/ Flight

direction

ing) the accuracy of the angular rate of the
spacecraft shall be within +0,001 °/s, and the
stabilization accuracy within + 2".

In order to meet the requirements on the
roll rate we suggest using single-gimbal control
moment gyros (CMG) as roll control system ac- Fig. 1. Spacecraft flight
tuators. CMGs allow a significant increase in the  scheme during ERS functio-
manueverability of the spacecraft in comparison ning and OXYZ axes
to the systems using flywheels. The ability of the directions
CMGs to create much higher torque than that of
the flywheels ensures very low latency in increasing and decreasing the angular
rate. The time required for programmed turns is thus greatly reduced.

The kinematic scheme of the CMG system is shown in this paper, along-
side the control law required to ensure the needed amount of control torque
and to guarantee the requested precession rate. The implementability of the
requirements was studied using a mathematical model. The model supports
the implementability of the programmed turns according to the requirements
stated above.

CMG kinematic scheme. Preliminary estimations of the mass and inertia
of the spacecraft yielded the following results:

1500 O 0
J=| 0 9000 O
0 0 8200

It is assumed that the spacecraft would need rotation mostly around its roll
axis (i.e., around the axis where the moment of inertia is minimal). In order to
minimize the mass of the system, we suggest using 4 CMGs placed according
to 2 x 2 scheme. For CMG1 and CMG2 gyrodines, precession axes are parallel
to OY axis of the spacecraft, for CMG3 and CMG4 they are parallel to OZ axis
of the spacecraft (Fig. 2). The base for the precession angles of the spacecraft is
chosen to be its OX axis. The arrangement described above will result in the
highest variation of the angular momentum being around OX axis, i.e., the axis
assumed to be the turn axis most frequently.
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Fig. 2. CMG kinematic scheme

Each CMG shall develop angular momentum of 50...60 N-ms in order to
allow maneuevers around other axes as well. The CMGs with such characteris-
tics are being produced in Russian Federation [4], and they can be used on the
spacecraft considered in this paper. All further estimations are provided as-
suming the angular momentum s = [Hj| = 50 N-ms (i = 1, ..., 4).

The variations of the angular momentum show distinct differences be-
tween the axes: they amount +200 N-ms for OX axis, £100 N-ms for OY axis,
and £100 N-ms for OZ axis. Therefore, maximum rates for roll, yaw and pitch
are 7.5 °/s, 0.64 °/s, and 0.7 °/s respectively.

The total angular momentum for the selected kinematic scheme is defined
as follows:

€08 01 +€0S 0y + c0S 03 + coS 04
H=h sin O3 + sin O4
—sin §; —sin §,

Here &;, 8,, 83, 04 are gimbal angles for CMG1, CMG2, CMG3 and CMG4.
Denoting the actuator control torque for each CMG as m;, we define the
following Jacobian matrix for the system of gyros:

m,-z(aHi/éé‘),-)/h; (1)
—sind; —sind,; —sind3 —sindy
D(ml, m;, ms, m4): 0 0 COoS 63 CoS 64 . (2)
—c0sd; —cos Oy 0 0
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Actuator torque control law. The method for control law definition here
is similar to those used in Ref. [5-7].

The maneuever (rotation) is performed around a finite rotation vector.
The time required for the maneuever shall be minimized. Assume that the
misalignment angles are given by the following quaternion:

NzN(vo, Vi Vy, vz):[cos® sin(©)ey sin(O©)e, sin(@)ezjt ,

where © is required angle of rotation around the finite rotation vector;
ei, i=x,Y,z, are components of the unitary vector of the rotation axis.

The required control torque of the CMGs is calculated via maximal accel-
eration a, which the system can provide in the direction of the final rotation
vector. The acceleration is in turn calculated based on the information of the
spacecraft's moments of inertia and the range of the control torque currently
available (1). The require control torque of the gyro system is defined using the
following formula:

My, =—]ik1i(°)Fi_°)Bi_(D’e")Jr(COXG)i’ P=xpz (3)

Here, k); are amplification coefficients for angular rate; wp; are spacecraft's
angular rate components, calculated using dynamic filtering; wg; are compo-

nents of the target angular rate level for the current orientation task; o, = a;t
is calculated rate around the final rotation vector, t =0 time of the initiation of
the maneuver, a; =0,75a; Jx, J,, J, are moments of inertia of the spacecraft

around OX, OY, OZ axes respectively; (coxG)l. are projection of the cross
product ®xG on OX, OY, and OZ axes, G =Jo +H is total angular momen-
tum vector of the gyro system (H) and the spacecraft.

The increase of ®, in (3) is halted when the total angular momentum of
the gyro system H reaches 90 % of its maximal value for the given direction, or
when the maximum angular rate is achieved.

When the maneuver is finished, braking is performed with the accelera-
tion of a1 Braking initiation time is chosen according to ®, >/2a; |®| condi-
tion. The angular rate during the braking phase decreases proportionally to the
value of g;. Assuming the misalignment is small, ie., the condition
A2a1; |®i| > 0;(kyi / ki), with ©; being the misalignment in the correspond-
ing channel, and a,; being the projection of the acceleration in the direction of
the corresponding channel, holds, the control law for the torque has the fol-
lowing form for each channel:
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M, =—]j(kzizvi+k1i(OJFi_wBi))+((‘)XG)i’ =Xz (4)

Here, k;; are amplification coefficients for angular misalignments.
Equation of precession rates for CMGs. The control law is defined based

on the precession rates &; (i = 1, ..., 4) providing the required control torque
M; [8] defined according to (3) and (4):

-H=M,-oxH=M,. (5)

Here the input torque M, is defined as M, = —hDJ, where h=|H,-| is the
amount of the angular momentum for each CMG, 3(81, 5,83, 84) is the gy-

rodine's precession vector. Defining M. =M, +oxH, for (5) we get
—hD& = M;. (6)

The system discussed in this paper uses 4 CMGs and therefore it is redun-
dant regarding the control task it is implementing. The following function will
be minimized to generate the optimal control law:

(I)=—(m1xm2)2—(m3><m4)2. (7)

The minimization of (7) is required for redistribution the total angular
momentum of the system between single gyros in order to avoid the system
realizing the special points [7]. Subscripts in (7) are defined in the same way as
on Fig. 2. The precession rates are defined using the function of the following
form:

I = 6t8 + pft5 (8)

The function (8) is subject to conditions (6) and (7). The component

p(8) >0 represents weighting function, measured in angular rate units. The

components of the n-dimensional vector f are
odb

=%

The minimization of (8) under conditions (6) and (7) can be solved using
Lagrange multipliers method. The Lagrange function F is

i=1,...,4. 9)

F=I+\'(D8+M; /h), (10)

where X:K(M Ao 7»3), A1, Az, A3 are Lagrange multipliers. Taking the

derivative of Fupon & and A, yields 7 equations with 7 unknowns

28+ pf + DA = 0; (11)
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D6 =-M; /h. (12)
Based on (11) and (12), the Lagrange multipliers are defined by the follow-
ing equations:

A=(DD!)" (2M; /h-pDf). (13)

Substituting (13) into (11), the control law for CMG system is the following:

5—_pt(ppt) M, 1 (Df DD! 1D—E)f,
(oo 2o (o) "

where E is unitary matrix. Gramm matrix DD! for (14) is calculated via (2).
It is worth mentioning that the control law defined by (14) should be

amended in a way that excludes the possibility of the matrix (DDt )_1 to become

singular. The precession rates & shall be limited, as described in Ref. [5, 8].

The control law acc. to (14) has CMGs control torque maximized. For the
spacecraft under consideration, it can be assumed that for the whole range of
orientation angles, the control torque is always maintained above 25 N-ms in
any direction.

Spacecraft control system functioning mathematical simulation. The
simulation is parametrized according to the requirements from the spacecraft
control system. Amplification coefficients for angular rate and angle are selec-
ted using the theory of control optimization [9]: ki = 1.92 and kx = 1.44

(i=x, y, 2). The weight function has the form of p=2/d?, where d =|DD/|.

The components of angular rate of the spacecraft wp; (i = x, y, z) are ob-
tained using dynamic filtration algorithms [10-13]. The bandwidth of the filter
is 6 rad/s. The elasticity of the spacecraft's body was not considered for mo-
delling; however, gravity-related forces as well as specific characteristics of the
angular rate sensors and the implemented CMGs were considered. On-board
software was used in the loop of the model. Timestep used for the modelling
amounted 0.2 s. The software in the loop included the actual protocols for in-
formation exchange between the on-board computers and the CMGs. The pre-
scanning orientation procedure was modelled as described in Ref. [14].

The range for CMGs' precession rates was chosen to be 0.0069...57.3 °/s. We
assumed that any precession rate can be requested, from the lower boundary of
the range till the upper boundary, with the step being equal to the lower boun-
dary. The required accuracy was limited to + (1 % + 0.0069 °/s). The model con-
sidered the disturbance torques induced by the CMGs' rotor drivers. The transfer
function of the CMGs' drivers was similar to the one described in Ref. [15].
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Fig. 3. Parameters of the spacecraft's rotation over the angle of 110° (a),
repeated on a larger scale (b)
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Roll turns spanning the angles of 110° 35° and 25° (before vertical dash
line) with subsequent steady state of 45 s (after vertical dash line) were
modelled in order to validate the requirements from the spacecraft's orienta-
tion system. During the turn, dynamic characteristics of the model were as-
sessed, while during the steady state the main assessed factor was the accuracy
of the stabilization over time.

Figure 3 shows the results of the modelling of the 110° roll turn. Figure 3a
includes the change of control quaternion's components, spacecraft's angular
rate and the gyro system angular momentum. Figure 3b repeats the data on the
control quaternion's components, showing them on a larger scale. The data
provided support the requirement for 110° turn being implemented in less
than 60 s (it actually took nearly 40 s to turn the spacecraft for 110°) as well the
post-maneuever accuracy requirements.

Figure 4 shows the results of the modelling of the 35° roll turn. Figure 4a
includes the change of control quaternion's components, spacecraft's angular
rate and the gyro system angular momentum. Figure 4b repeats the data on the
control quaternion's components, showing them on a larger scale. The data
provided support the requirement for 35° turn being implemented in less than
30 s (it actually took nearly 23 s to turn the spacecraft for 110°) as well the
post-maneuever accuracy requirements.
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Fig. 4 (part 1). Parameters of the spacecraft's rotation over the angle of 35° (a)
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Figure 5 shows the results of the modelling of the 25° roll turn. Figure 5a
includes the change of control quaternion's components, spacecraft's angular
rate and the gyro system angular momentum. Figure 5b repeats the data on the
control quaternion's components, showing them on a larger scale. The data
provided support the requirement for 25° turn being implemented in less than
15 s as well the post-maneuever accuracy requirements.

- 03 X channel Y channel Z channel
5 ’ 0,0006 0,0005
‘= N
g g ol 0,0002 0.0002
sE 0N 0,0001
£8 ~0,0002 0
S -o1 - 0,0004 ~0,0001

w 6 0.04 0,06
o 4 ) 0,04
- 0 0.02
Lo 1 o !
g3 2 -0,02 ~0,02
“g -4 0,04

® 6 ~0,04 -0,
£ 5 200 10
& E
2 12
52z 100
»n E‘ / \ 5
§5 o 8
@ S 0
7 2 - 100 4
8 =}
= E-200 -5 0
o 660 680 700 660 680 700 660 680 700

Time, s Time, s Time, s
a

Fig. 5 (part 1). Parameters of the spacecraft's rotation over the angle of 25° (a)
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Fig. 5 (part 2). Parameters of the spacecraft's rotation repeated on a larger scale (b)

Conclusion. This paper provides an overview of the scanning mode used
by an innovative Earth remote sensing spacecraft. Single-gimbal CMGs are
used as actuators in this spacecraft's orientation system. The scope of the paper
includes selection of the kinematic scheme as well as design of the control laws
for spacecraft's orientation and CMGs' precession rates. Parameters selected
for the control laws support implementation of the requirements on the space-
craft's control system. The investigation performed on the model of the target
system has demonstrated that those requirements were met.

Translated by O. Kirovskii
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