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Abstract: This paper proposes two kinds of approaches of angular rate sensing for micro-spacecraft
with a gyrowheel (GW), which can combine attitude sensing with attitude control into one
single device to achieve a compact micro-spacecraft design. In this implementation, during the
three-dimensional attitude control torques being produced, two-dimensional spacecraft angular rates
can be sensed from the signals of the GW sensors, such as the currents of the torque coils, the tilt angles
of the rotor, the motor rotation, etc. This paper focuses on the problems of the angular rate sensing
with the GW at large tilt angles of the rotor. For this purpose, a novel real-time linearization approach
based on Lyapunov’s linearization theory is proposed, and a GW linearized measurement model
at arbitrary tilt angles of the rotor is derived. Furthermore, by representing the two-dimensional
rotor tilt angles and tilt control torques as complex quantities and separating the twice periodic terms
about the motor spin speed, the linearized measurement model at smaller tilt angles of the rotor is
given and simplified. According to the respective characteristics, the application schemes of the two
measurement models are analyzed from the engineering perspective. Finally, the simulation results
are presented to demonstrate the effectiveness of the proposed strategy.

Keywords: gyrowheel; micro-spacecraft angular rate sensing; real-time Lyapunov linearization;
complex quantity; static measurement; dynamic measurement

1. Introduction

Presently, more and more researchers are focusing on the related technologies of micro-spacecraft [1-3].
For micro-spacecraft, the attitude control system (ACS) is one of the major contributors to the mass,
volume, power and cost [4]. It will be of great significance for the development of micro-spacecraft if
the realization of spacecraft angular rate sensing and the output of three-dimensional control torques
can be simultaneously conducted in one instrument [5,6]. For this purpose, some innovative actuators
like a variable speed control moment gyroscope (VSCMG) [7], a tilted wheel [8,9], and so on [10],
which also have potential to realize the function of the sensors in principle, have been developed.
Due to the existence of nonlinear friction from the support structure of some actuators, it is complicated
to realize the angular rate sensing for them. However, besides that, according to the difference of
the gyro rotor support and combining the advantages of the actuator-CMG [11] with the ones of the
sensor dynamically-tuned gyroscope (DTG) [12], the integrated devices can be roughly divided into two
categories: the magnetically-suspended double-gimbal control moment gyroscope (MSDGCMG) [13] and
the integrated device-based flexible gimbal support structure represented by the gyrowheel (GW) [14].
The former one supports the rotor by active magnetic bearings (AMBs). The latter, GW, is developed
based on the principle of DTG by Bristol Aerospace Company for the Canadian Space Agency’s
SCISAT-1 Scientific in 2003 [15], and the GW rotor is supported by crossed torsion springs and a gimbal.
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The MSDGCMG implements the functions of two degrees of freedom (DOF) torque output and two-axis
angular rate sensing through working in two different operation modes [16]. However, due to the
complicated structure, high mass and large volume, the application of MSDGCMG in micro-spacecraft is
seriously restricted. Unlike MSDGCMG, the GW not only can achieve three-dimensional torque output
and two-axis angular rate sensing at the same time, but also has the advantage of being light weight and
low power, which brings the hope that the GW will have promising application prospects. Therefore, it
makes sense to develop the method of the angular rate sensing with GW as an actuator and a redundant
measurement device simultaneously.

GW and DTG have similar structures. However, DTG always operates in the fixed tuned speed,
and the spin axis of the rotor cannot tilt in radial directions theoretically. However, GW is almost one
thousand times greater than DTG in mass, moment of inertia and angular momentum [17]. To realize
torque outputs along the radial directions of the rotor, the tilt range of the spin axis of the rotor in GW
is significantly increased up to 7° [18]. To realize torque output along the spin direction, the operating
speed of the rotor is always kept as time varying. Obviously, GW has more complex dynamical
characteristics than DTG. Thus, it is more complicated for GW to realize the spacecraft angular rate
sensing while three-dimensional control torques are outputted.

In order to realize the angular rate sensing of the carrier by GW, Dr. Own at Carleton University
in Canada realized his work by linearizing the equations of motion of GW [19] at zero tilt angles of
the rotor. However, a higher measurement accuracy can be obtained only if the tilt angles of the rotor
spin axis are limited to a very small range. This disadvantage imposes strict restrictions on the capacity
of the GW output torque, while a higher measurement accuracy is needed. Although Jeffrey M. Hall
at Carleton University improved the measurement accuracy of the two-dimensional rate sensing
through the ground calibration for the GW [20], the accuracy loss caused by linearization at zero
tilt angles cannot be easily compensated at larger tilt angles. Moreover, before the linearization of
the equations of motion of GW, an assumption that motor spin speed was always kept constant was
made by Dr. Own, which means that the spacecraft angular rates cannot be accurately measured
while the control torques along the motor spin axis are outputted by adjusting the motor spin speed.
Liu proposed the nonlinear algebraic measurement method of the spacecraft angular rates with the GW
supported by the torsion springs through analyzing the full GW dynamics equations [21], but it is hard
to calibrate the compensable gyroscopic drift for this nonlinear algebraic measurement method [22],
which directly leads to the inaccuracy of the measurement results. Liu also proposed a dynamic
measurement method by establishing GW nonlinear state equations [23]. However, it is also difficult
to compensate the modeling errors due to the nonlinear form of the state equations.

To overcome the aforementioned drawbacks of the spacecraft angular rate sensing with
GW at present, the reminder of this paper is divided into five sections: In Section 2, the GW
is succinctly described, and then, its dynamics equations expressed by case coordinates are
developed by the Lagrange equations of the second kind. In Section 3, the GW real-time Lyapunov
linearization measurement model at arbitrary operating points is established based on Lyapunov’s
linearization theory. Especially, by the complex quantity method, the GW complex differential
equations within small tilt angles of the nominal position are derived. The small tilt measurement
model is established and simplified by ignoring the twice periodic components about the motor spin rate.
In Section 4, according to the characteristics of these two proposed measurement models, the application
schemes are analyzed from the perspectives of the static measurement and dynamic measurement.
In Section 5, simulations are performed to illustrate the validity of the proposed linearization
measurement models and their application schemes in this paper. Finally, we draw the conclusions in
Section 6.
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2. Descriptions of Gyrowheel

2.1. Gyrowheel Physical Structure

The computer-aided design diagram and simplified structure of the GW are shown in Figure 1a,b,
respectively. The GW system mainly consists of the following subassemblies: case, motor, flexible
suspension structure, flywheel rotor, torquer consisting of current coil and permanent magnet and
tilt sensor. Among them, the case is fixed on the carrier, such as spacecraft. The flexible suspension
structure is made up of gimbal, inner and outer torsion springs, as shown in Figure 1b; the gimbal is
connected to the motor shaft by a pair of inner torsion springs, and the rotor is connected with the
gimbal by a pair of outer torsion springs. The rotor driven by the brushless DC motor rotates in a high
time-varying speed. Thus, the torque along the spin direction of the rotor can be generated by adjusting
the motor speed. Two pairs of torquers perpendicular to each other can provide two-dimensional tilt
control torques to make the spin axis of the rotor tilt along the radial directions. Due to the existence
of the angular momentum, the radial control torques can be outputted based on the CMG principle.
The tilt sensors are designed to measure the tilt angles of the rotor relative to the case. The special
physical structure of GW determines that the device can realize the functions of the sensor, like DTG,
and the actuator, like VSCMG, at the same time.

OQuter
Torsion Springs

Inner
Permanent Magnet Torsion Springs,

Current Coil

Tilt Angle Sensors

Embedded Drive
and Control Circuit

(a) (b)

Figure 1. Gyrowheel physical structure. (a) Schematic diagram of a gyrowheel system; (b) simplified
gyrowheel structure diagram.

2.2. Equations of Motion for an Idealized Gyrowheel

Four body frames and three generalized coordinates are given in Figure 1b for deriving GW
dynamics equations using Lagrange’s method. The four body frames are the case frame (Fy:0-x.yczc),
the motor body frame (F1:0-xpymzm), the gimbal body frame (F2:0-x4y4z¢) and the rotor body
frame (F3:0-x:Y,z:), respectively. The coordinates (6y, 0y, 0;) are the defined generalized coordinates,
where 0 and 6y, represent the rotation angles of the inner and outer torsion springs, respectively, and 6,
represents the spin angle of the motor shaft. The relationship between these four body frames and the
generalized coordinates can be further expressed by Figure 2.

z X, Ye
O_xc.}cécfpcbo_xm.}'mémT’O_xg}'gzg—gvbo_xr}'r‘r
z x K

Figure 2. Relationship between the body frames and the generalized coordinates.
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Assume that the angular velocity of the GW case fixed on the spacecraft, with respect to inertial
T
space in the case frame Fy, is wy= {wbx Wpy  Why

Based on the relationship in Figure 2, the angular velocity of the motor shaft w,, in the motor
body frame Fj is described as the following equation:

Wiy 0 thceZ + whySQZ
Wy = Wiy = O —+ (QZ)Z ‘wp = —a)beQZ + a)byCQZ (1)
Wmz 0, 0; + wy,

where Sy = sin6;, Cy, = cos0;,i = x,y,z and (0;);,i = x,y,z represents the rotation matrix of §; about
the zy,-axis, xg-axis and yg-axis, respectively.

Similarly, the angular velocity of the gimbal can be obtained by rotating the motor shaft speed, 6.,
into the gimbal body frame and adding the rate about the x-axis, so we have:

S .

wqx 0 Ox + wbeGZ + wbySGZ
wg= | wey | = 0 + (Qx)x C Wiy = —wbeQXS(;Z + wbyC(;xC(;Z + .(92 + wa)S(;X )
0 Wpx S, So, — WeySe, Co, + (02 + wy, ) Co,

Finally, rotating the gimbal angular velocities into the rotor body frame and then adding the rate
about the y-axis, the angular velocities of the rotor are given as follows:

Wry 0
wr= | wy | = | by | +(6), w
Wy 0

0:Cg, — 6-Co, Sp, + (Ceycoz — 59,50, 592) Wy + (Ce}/sez + So, Seycez) wpy — Co, Sp, Wp,
= | 0:Sp, + 6, — Cp,Sp.wpy + Co, Co,Why + S, Wy
| xS, +6:Co,Co, + (Seycez + So, C9y592> Wy + (Seysoz — So, Ceycez) wpyy + Co, Co, W2

®)

According to the calculated angular rates of the above different GW bodies, the kinetic energy T
of the GW system can be expressed as the generalized rotation speed quadratic forms:

1
T:jiZ%w%+Z:@%ﬁ—21m@ (4)

i=xY,z =X,z =X,z

where [;; and I,;,i = x, Y,z are the moments of inertia of the rotor and gimbal along the corresponding
axes, respectively.

Furthermore, the potential energy V is the sum of the potential energy of the inner and outer
torsion deformation, which is given by:

V = k.63 + k65 (5)

Forming the Lagrangian function L = T — V and applying Lagrange’s equations over 0, and 0,
yield the GW dynamics equations along the transverse axes as follows:
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. 1 . .
I -8 = —c2fy — kxbr — S 122, - 0% — 1352, - 0x6y
- (IBCZGy - Iry)cex : Qyéz + Tgx
+ By (0) wpx + B2 (6) wyy, + B3 (0) wpx + By (0) wy,

+ Bs (0) wj, + Bs (0) wp, + By (0) wp, ©

Iy - 0y = —cyby — kyby — %Iachszey 07 + %Isszey 63
+ (I3Cag, — Iry)Cp, - 6x6: + Tgy
+ D1 (8) wpy + D2 (8) wpy + D3 (0) wpy + Dy (0) cpy
+ D5 (6) wh, + Ds (6) wi, + D7 (0) wp,

where Il = ng + Irxcgy + Irzsgy/ L = Igz - Igy - Iry + Irxsgy + Irzcgyr 13 = I; — Ix and Bi/ Di/
i=1,2---,7arenonlinear coefficients in terms of the spacecraft angular rates (wp,, wy,) as follows:

B, = [flmsgxszgycgz + 1 Sp, + I cos 2x1592} 0.

- |:Ire <Szeycez + Sexczey592> - Irysexsez} Oy
By = — {IYESQxSZQySGZ + LGy, + Izczeycez} 0.

— [ (820,56, — S0xC6,Co. ) + Iy S0:Ca. | Oy
By = —hLGCy, — %IYESGXSZ%SGZ
By =— 15, + %Iresexszeycez

1 1
Bs 27125525293( + erecexSZGySZGZ

2
1. 1
B6 :512C92529x — EIrECQXSZQySMZ

1 1
By = — 512520.526, — 5 IreCox 520, Coe.

Dy = |:Iyg (Sz@ngz + SexCQQySQZ) — Irystnggz} éx
_ 1 .
+ | Ire <CexC29yC92 - 2529x529y592> + IryCGXCGZ:| 0.

D, _ {Ire (Szeysez - Sexczeycez) + IrySGXCGZ} O

o '
+ | Lre (2529x529ycez + Cexczeysez) + Irycexsez} 0
Ds = IyCo,Ss, Dy = —IryCo,Co,

Ds = 1Ire [SGXCZGySZGZ + Ssz (sz o 52x522>}

2
1
De = —5lre [Sexczeyszez — Sy, (552 - SZXCZZ)}
D, = 1 S2 5% S 259 Cog. C S04 S
7 — E re( O 29y 20, — Oy 29y 20, + 26y 29Z>

Actually, the generalized coordinates (6y,6,) in Equation (6) represent the rotation angles of
the inner and outer torsion springs, which cannot be indirectly measured. Therefore, another set of
coordinates (¢, ¢y) named “case coordinates” should be defined in the case frame ¥, and the case
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coordinates (¢x, ¢y) physically represent the tilt angles of the rotor along the Ox-axis and Oy,-axis,
which can be measured by the tilt sensors of GW. Then, the relationships between the generalized
coordinates and the case coordinates should be established. The detailed derivation will not be shown
in this paper, and the relationships given in the development of DTG are as follows:

Gx = (PXCGZ + 4),1/592

@)
Qy = _¢x592 + ¢yc92

The variables (6., 6,) and (b, 6,) in Equation (6) can be calculated by taking the first and second
derivatives of Equation (7), then we have:

Qx = ¢XC92 - 4)3(92592 + 4)]/592 + ¢yezcez

. . . . (8)
Gy = —¢xSp, — Px0:Cp, + ‘PyCGz - ¢y92592
éx :c'ﬁxC(;z - ¢x9z592 - (Gbx@z + ‘PxéZ)SGZ - 4’x9§C9z
+ ySe. + by0-Co. + (§y0: + ¢,0)Co, — Py02Ss. ©)

éy = ‘.I.’XSGZ - ¢x92c92 - (¢’x92 + ¢xéz}c92 + (nggsf)z

+ ‘7’yc9z - ¢y92592 - (¢y92 + ‘Pyéz)sez - 4>y9§Cez

At this point, assume the rotor transverse inertias are equal to each other and set as the value I;.
Similarly, the gimbal transverse inertias are also equal to each other and set as the values Iy, that is,

Irx - Iry - Irt (10)
Iy = Igy = Igt

Additionally, the inertia of the moments of the rotor and gimbal along the spin axis are re-assigned
the variable names I;s and Is to more clearly distinguish between spin (sub-subscript “s”) and transverse
(sub-subscript “t”).

Taking Equations (7)—(9) into Equation (6) and rearranging the results, the motion of the equations
of GW expressed by the case coordinates (¢x, ¢,) are yielded as follows:

M. (x) &+ Cc (x) & = Qc (¥) T + F: (x, %) + Ey (%, %, wp, @y) (11)
where:

X = {(Px (Py}T I. = {Tcx Tcy}T

LCe, LSy
M — Z Z
‘ <x> l_lrtsez IrtCGZ

Co, Se,
—50.Co,  Co.Co,

CxCGZ sté)z
_Cysez Cycez

N S (x,J'C)
o) = [fcz x x)]

Ce(x) =

Qc (x) =

fa (%, %, wyp, @p)
fa)Z (x/ X, wy, (i)b)

F, (x,x,wb,wb) = [

fa (x,%) = =M1 - 02 — Keat - x — Kerz - ¢y — Cerq - o — Cerz -y — 512526;:93 — IreS2g, 60y

. 4 . . 1 . 1 .
fc2 (x/ x) =—Mg-0; — Ko1 - ¢x — Koz - (Py —Ceo1¢x —Ce2 - Py — Elrechszeﬁf + EITESZHyQJZC
fo1 (%, %, wp, wp) = My (%, %) - Wpy + Ma (%, %) - @py, + Mz (%, %) - wpy + My (x, %) - wpy

fuw2 (%, %, wp, @p) = Ny (%, %) - Wpy + Np (x, %) - py + N3 (%, %) - wpy + Ny (%, %) - wy,
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where:

M = L - (¢yCo, — PxSo.) + %Irecexszey

M = =L (¢xCo,+¢ySe, — So,)

Ka1 = —1162Cy, — cx0-Sg, + kCo, — 140-Co,

K = —1162Sg. + cx0,Co. + kxS, — 1465,

K1 = 1462Sp, — ¢,0:Cy, — kySp, + 140-Sy,

Koo = —In02Co, — cy0Sp. + kyCo, — 140-Co.

Cer1 = —210:Sp, — 14Se,  C1p = 2116,Cy, + I,Co,
Ceo1 = —2140,Co. — 4,Cy.  Cep = —21140.Sp, — 14S,,
Iy = (Ire cos (26,) — Ir¢) B.cosby

M; (x,%),Nj (x,%),i = 1,--- ,4 are equal to the corresponding expressions B;,D;,i = 1,--- ,4;

however, the variables 6]-, 9]-, j = x,yin B;, D; are substituted with Equations (7)—(9).

3. Modeling of Angular Rate Sensing with a Gyrowheel

3.1. Measurement Model at Arbitrary Operating Position Based on Real-Time Lyapunov Linearization

Suppose that a physical system can be generally expressed by the following nonlinear autonomous
system equation:

i=f(x)+g(x)u (12)

where x = [x1,xp,- - ,xn]T € R is the state vector, u = [uq,up, - - ,um]T e ™1 is the control
input vector and f(x) € ®"*! and g(x) € R"*! are vector functions of states.
Assume x,(t) € R"*! is a given reference trajectory whose corresponding reference input is g,
then we have:
g = f(xq) + g(xa)ua (13)

Taking Lyapunov’s linearization [24,25] around the operating points (x4, #,), then it yields:

& =5+ A(xg) (x —xg) + B (x4) (u — ug) (14)
_ 4af _
where A (x;) = 7 x:xd,B (x1) = g (x4).
For the GW system, let x;, &4, X4, wp4, wpg be the operating points, which are given by:
Pxa| 0] . 0 0| . 0
i LP; i = o] i = o] wha = |o| ¥ = | (1)

According to Lyapunov’s linearization theory expressed by Equations (13) and (14), the linearized
dynamics equations of the GW are given by:
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0 (Mgix) X) (- )+ 0 (MSJ(Cx) X) (x— %)
X=X4 X=X4
3 (C. (x)%) (3K B
R (F—2a) = {5 ) |smy, ¥~ %)
X=X,
! x:jcd
oF, o oF, (16)
+ <ax> ey, X Xa) F (aa)b) vx, (@b~ Whd)
=iy r=xy
oF, . .
)| e
X=X4,X=X4

+ Qc(xg) - (Te — Tog) + Brot (%, %, Wpg, @pg)

where:
9 (M (x) %) _ | hCs, LSy, | G, So,
= = Qc (xd ) =
ox _Irtsez IYtCGZ —ng ng ng C@Y
x:xd X=X4 - X=X4
O(Mc(x) )| _ |—leSa,S. (Co.bx+ Se.by) IreS20,Co. (Co.x + So.y)
ox 0 0
X=X4 X=X4

9 9 9 9
() L (2 B
Fr = |3 o % = o2 o
x=x4,8=x; dpx Iy x=xy 5=k, x=x,,5=x; dpy Oy X=X, 5=k,
| [ B emy| B &
awh L N aaﬂ e awb L N af—cz af—cz
xX=x4,X=%X, Whx a‘*’by x=x4,k=%; xX=x4,X=%X; Iy awby x=xg,k=%;

Fy o (x, %, wyg, wyy) are the high order terms and will be ignored in the following. For brevity,
the elements of the Jacobian matrices of the vectors F., F, over the vectors x, X, wp, wp, such as

% % afci afci
a(pj' a(P]’ 8wbj’ E)wb]-'

For the equilibrium points of the control input torque vector T4, the following constraint
condition holds:

i=1,2,j = x,y, are also ignored here.

M (x4)%q + Cc(x4)%5 = Qc(x4) Tea + Fo(x4, %4) + Fo (x4, %4, wyp, wp) (17)

Substituting Equation (15) into Equation (17), we have the constraint relationship between the
operating state x; and the nominal control input torque T4 as follows:

T = —Q: ' (x4) - (Fe(x4,0) + Fo(x4,0,0,0)) (18)
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Finally, combining Equation (16) with Equation (15) and rearranging the results, the yielded GW
Lyapunov linearized equations are given by:

/ Wy / Whx | _ af' Px C. 0
B (x4) L‘uby +De (x4) L«ij Me ) Py et Lby] (19)
/ ‘Px o (de B Tcx - Tcxd
+ K, (xd> [(Py _ ¢yd‘| Q (Xd) chy - Tcyd]

where:

' _Ilcez +x1(xg) I1Sp, + x2(x4)
MC (xd) _It’tsgz IrtCGZ x=x,

, [ CxCGZ - afcaléij’x) CxSG'Z - afg(g)X/jC)
Ce (xg) = Ceg Mol o ofa(xy)
B T T
) [ofa(x4)  Ofcr ()
K. (x1) = |, fi‘f;,x) afCZ(x,x)]
9x Iy X=x4,%=%4

/ M (x,%) My (x, %)

Be (xa) = Ni(nE) N (xd) De (x4) =

, [Mg (x,%) My (x, ;c)

‘| X=x4,X=%x;

X1 (xd) = Ireszey : (_;SZQZ ((Px - bed) - ng (¢y - ¢yd)>
1
X2(%4) = IreSos, - (—5%92(4% — ¢xa) + 55%(92 (¢y — ¢yd>)

When the operating points x; are given by the tilt control commands, which are supplied by ACS,
the real-time Lyapunov’s linearization of the GW measurement equations can be realized in theory.

3.2. Measurement Model within Small Tilt Angles Based on Complex Quantity Transform

Specially, when the operating points x; are further considered to be set as zero tilt angles, that is,
xg _ | Pua| _ |0 , we have:
_‘Pyd 0
IiCo,  LiSp, | |Px o | Par2 Px| | Pr2| x| _ | Co.  Se.| |Tex
| —IiSe.  InCo. | [Py ba1 Paz| | Py ¢ Pn| | Py =S, Co,| | Ty 20)
+ _ItCGZ _ItSGZ Wy + ISQ.ZSGZ _IS.OZCGZ Whx
IS 6, —Iy CQZ w by L0, CQZ I;50,S 0 Wy
where:
Iy = I+ Igt I =L+ Igs
Pa11 = CXCQZ — (Irs + ZIgt) OZSQZ Pa10 = CXSGZ + (Irs + 2Igt) GZCGZ
Pan1 = —cySe, — Irs0:Cp, Pano = cyCo, — Irsb:Sp,

(Pll = (Igt + Irs) ézsf)z + ngzsf)z - kxcez + (Zlgt - Igs) QECQZ
<P12 = - (Irs + Igt) ézCBZ - ngzcez - kaGZ + (Zlgt - Igs) 93592
¢ = 1140:Co_ +¢,0:Co, +kySp, 20 = 1110:Sp, + c0-Sy. — k;,C,
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Since the two-axis tilt angles of the rotor (¢y, cpy), the two-axis tilt control torques (Tey, Tcy) and
the defined two-axis spacecraft angular rates (wy,, wy, ) are perpendicular to each other, respectively, to
represent the equation set Equation (20) in the form of one single complex equation [26], the following
complex quantities are defined by:

p=¢x+jpy Te=Tex+jTey w=wpye+ jwpy (21)

Then, the case-fixed tilt angles, control torques and spacecraft angular rates are expressed, in terms
of the newly-defined complex variables and their complex conjugates, as follows:

¢x =75 ( Tcx:%(_c+TC) wbx:%(a]berb)
(¢ 2 21 @2)

Py (¢—¢) Tcyzi( c—Tc) Whyzj(wb—wb)
The first row of Equation (20) is added to j = +/—1 times the second row of Equation (20),

then substituting Equation (22) into the result and considering the relationship “e/%z = cos 6, + jsin6”,
the following single differential equation with complex coefficients is yielded:

NI—. NI—=
>
+
=

1.\ o 1. w , L
(Irt+21gt> (Pe o +§Igt¢€]92+ (Cg—](Irs+Igt) 92) 478 ]GZ+]IthZ¢€]92

Ky +K 1 . , Tt + Ly + Is . .

(23)
Ky — Ky 1 o A= Ig = Is . ] -
o e L e
_ S P WP NS A L Voowoe 8 — L1 6. el 4 T.o 10
= L + zlgt wye zlgtwbe + 7| s + 2135 0 wpe ]2Ig592wbe + Tee
Rearranging Equation (23), we have:
) 2¢, (2L 20\,
— 0
(P T <21rt + Igt J (2[” + Igt + ZIrt + Igt) Z> 4)
L[R2 (e —31s) 2 ( 25, gt hit s )
20y + Iy o+ Iy ™" " 2+ Iy
. 21}'5 Igb e
Up — 0
» T -] <2Irf Ty 2L+ Igt) 2@ » T.
e 1o =e /% (24)
Igt (7)+ . Zlgt 0 (i’ L + %Igt
2@ + Igt ]2Irt + Igt :
1 N2
+e]'202 T Kx - K.I/ -2 <Igt - ilgs) 92 7].Irt - Igl’ - ITS "Z ¢
ZIrt + Igt 2Irt + Igt
Igt - . Igs ho-
0
+ 2L + Igtwb +]2Irt + I zWp
For conciseness, the following quantities are defined by:
: g 2l;s Lgt Igs
cC, = —mm wy = —m—m8m8M8 = —_—— = —c
8T p+ly T Aty T Ay T 2ty
K+ Ky =2 (Igt = 3 ) €2 K=Ky =2 (Igt = 3 ) €2
N = =
2L+ + Igt B 26+ + Igt
/ 1 Igt + Lt + Ls L — Igt — Is
Ly =1Is+ =1 =& T r g =T_2_T
rt t 2 8t ]P 26+ + Igt " 21 + Igt
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and taking the newly-defined quantities into Equation (24) yields:

b+ (26— (wn +298) ) b
e 8t |a—j (2Cehe + Ty ) | @ + @ — j (wat2b) @y = el (25)
. - . . e . . _ . . . rt
o2 Loyt 2yl + (B fldle) vy + ooy

Eliminating the factor e/% in Equation (25), we obtain the more concise form of the GW
linearization equations at zero tilt angles given by:

¢+ (Zc/g —j (wn +2762)> ¢+ [uc —j (chgé)z + ]péz)] ¢+ @y —j (wnt7202) wp
oo [ 5 s L L T, (26)
+ el ['ﬂP +290:¢ + (B = jInb:)  + 70y +]'7’29zwb} =7
rt
Finally, substituting Equation (21) into Equation (26), substituting e with Cpg, + jSpp, and
restoring the results expressed by the complex quantity into real-value equations, we obtain the GW
linearization equations at zero tilt angles represented in the real-value form:

1+9Cyp 7S, | |§x 2c, — 27055, (wn +2702) +290.Cag, | | s
YS0, 1—7Cog, | |Py — (wp +2702) + 2796,Cyp, 204 + 2762550, Py
+ &+ BCoe, 2‘32;92 + BSy, + (]p — JmCog, + ]mszez) 6. Px 27)
—2¢40: + BS20, — (Jp + JmCoo, — JnSa2e.) 6- o — BCo, Py
+ 1+ 'YCZQZ 'YSZQZ Wy + *72925292 _ (wn+7292.) + 'YZGZCZGZ Whx _ l Tex
rS2s, 1—=7Cop, | | Wiy — (wn+7202) + 720-Cop, 7202520, Wy I, |Tey

From the left side of Equation (27), each element of the coefficient matrices contains the twice
periodic components about the motor spin speed 6,. Since the periodic terms have no effects on the
measurement accuracy of the spacecraft angular rates (wy,, wpy,) and ignoring the periodic terms will
save the unnecessary sensor for measuring the motor rotation angle 6,, therefore, the periodic terms
are ignored with the model simplifying to the following form:

Vx] N | / @] N « (260 + 1,0:) M
by — (wn +2796;) 2¢cq by — (2C/g92 + ]péz> « Py

Whx 0 (wn+'7292) wpe| 1 | Tex
) + ; =
Wy — (Wn+7202) 0 Wpy Ly | Tey

4. Analysis of the Measurement Schemes of Spacecraft Angular Rates with the GW

2c/g (wn + 2792)1

(28)
+

In order to analyze the proposed measurement equations, the following two definitions are given:

Definition 1. If the tilt angle of the GW rotor works at a certain tilt position and remains unchanged as the
spacecraft angular rates are measured with the GW, we call this situation “Static Measurement”.

Definition 2. In contrast to Definition 1, when the tilt angular velocity of the GW rotor is nonzero as the
spacecraft angular rates are measured with the GW, we call this situation “Dynamic Measurement”.

From the derived measurement Equations (20) and (28), three pieces of valuable information are
summarized as follows:

(1) Compared to Equation (20), the forms of linearization Equation (28) at zero tilt angles are obviously
more concise. More importantly, after ignoring the twice periodic components in Equation (27),



Sensors 2016, 16, 1321 12 of 19

there exist no terms about motor rotation angle 8, in Equation (28), which means that it is more
convenient for the spacecraft angular rate sensing, since the special sensor for measuring the
motor rotation angle in real time is no longer needed in this kind of situation.

(2) Equation (28) is obtained by substituting the operating points at zero tilt angles into Equation (20),
which are suitable for the arbitrary operating state of the rotor. Therefore, combining the
analysis (1), in the smaller tilt range of the rotor, Equation (28) is utilized to realize the spacecraft
angular rate sensing with GW. However, when the tilt angles of the rotor become larger,
the measurement accuracy with Equation (28) cannot meet the indicator requirement without any
error compensation. The applications of the real-time linearization measurement Equation (20)
and small tilt measurement Equation (28) are analyzed in the following figure.

In Figure 3, considering GW in the application scenario of static measurement, when the rotor
works at large tilt angles, the measurement errors due to the linearization at zero tilt angles are
significantly correlated to the tilt angles of the rotor, which can be modeled and compensated in the
measurement Equation (28) by the methods of polynomial fitting, B-spline functions or table lookups
based on the calibration data. Since the rotor needs to keep still for realizing the spacecraft angular
rate sensing in this situation, the radial control torques cannot be supplied by the GW, which means
that with Equation (28) as the measurement equations of the GW, it has two kinds of working modes:
the radial torque outputs mode and the spacecraft angular sensing mode, and these two modes cannot
be realized at the same time, we can name the two working modes as “time-sharing multiplexing”.
As previously mentioned, the greatest advantages of this scheme are that there is no need to set
the rotary transformer for measuring the motor rotation angle 6, and the regular errors like the
linearization at zero tilt angles can be more easily calibrated by ground experiments. However, this
scheme has an obvious drawback that GW cannot realize the radial torque outputs and angular rate
sense simultaneously, so that the application of GW is limited in the area of spacecraft.

Measurement Models | :Application Scenarios: | Application Schemes :

Zero Tilt Linearization . Time-Sharing Torque Outputs

- — —> -
Measurement Equations (28) Static Measurement and Angular Rate Sensing
GW
| | | | | |
Measurement | | | o |
Schemes \
Real-Time Linearization Simultaneous Torque Outputs

—>| Dynamic Measurement —>f

Measurement EQuations (20) and Angular Rate Sensing

Figure 3. Measurement schemes of spacecraft angular rates with GW in different working modes.

Whereas in the state of dynamic measurement, since the measurement errors are not only relevant
to the tilt angles of the rotor, but also to the tilt angular velocities and accelerations, it is difficult for
Equation (28) to compensate the linearization errors by polynomial fitting or B-spline functions due
to the huge workload. Therefore, in the case of dynamic measurement, the real-time Lyapunov’s
linearization measurement Equation (20) need to be applied to sense the spacecraft angular rates, which
can avoid the errors of the small tilt linearization Equation (28) at larger tilt angles. Most important
of all, gyroscopic moments can be generated at the same time because of the existence of the angular
momentum and the tilt angular velocity of the rotor in dynamic measurement. However, the prices
are that a rotary transformer must be assembled in the GW system to measure the motor rotation
angle 6., and the real-time disturbance estimation methods like [27,28] should be further developed
to compensate regular mechanical errors for Equation (20), which will not be discussed in detail in
this paper.

(8) Since the effects of the motor spin acceleration are considered in Equation (28), while the motor
spin speed is being changed to control the spacecraft attitude along the spin axis, the angular rate
sensing can be more accurately realized by Equation (28) in small tilt ranges.
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5. Simulations

5.1. Simulation Platform

To demonstrate the effectiveness of the proposed angular rate measurement approach,
a simulation platform as in Figure 4 is built. The simulation platform is divided into two layers:
the torque output layer and the measurement layer. The former contains the motor control loop, the
X-axis and the Y-axis tilt control loops. The variables 8,4, ¢4, ¢ya are the command inputs of the GW
control loops. The variables 0, ¢x, ¢, are the corresponding measurable outputs of the above three
control loops, respectively. The variables T, Tcx, Tcy are control torques of the above three control
loops, where T is used to control the motor rotation speed, and the torques Ty, Tc, make the rotor tilt
along radial directions. The variables T, Ty, Ty acting on the spacecraft block are the three-axis control
torques generated by the GW system. The sensor block includes the X-axis, Y-axis tilt angle sensors,
the currents of torquer coils, motor rotation speed and angle sensors, which can directly measure the
variables ¢x, ¢y, Tex, Tey, 0z, 0., respectively.

Gyroscopic Moment

Gyrowheel Three—axis Control Block
9zd + FI T
ywheel Speed &
r >®_—>| Regulator —¥| Brushless DC Motor
! b + Flywheel X-axis - q Tc
| S Controller X-axis Torquer »{ Flywheel Gyrowheel
" 4 ontrolle @ Rotor Dynamics
T.T,T,
l yr'z
| ¢yd 3®_’ Flywheel Y-axis | + R e TG T, N ¢y N
| "] Tilt Controller Y a 4
|
| =
Toruque X/Y-axis Tilt
| Output . Angle Sensors
A Layer Loty X/Y-Coil
Current Sensors
Motor
Rotor Sensors
Sensor Block
S e ol el i e I I I e
Real-Time Linearization Function Layer Divider
Operating Point Inputs
)/ . - T -
Measurement Real-Time Lyapunov Linearization :{}j Disturbance :
praver Measurement Equations | Estimation o w
L a)bx’a)by a)nx’a)ny
| [=====){ Notch Filter
|
0 . Zero Tilt Llnearlzat'lon . RegL{Iar Error
‘ Sensor Block Measurement Equations Compensation Components

Figure 4. Simulation platform of spacecraft angular rate sensing based on the gyrowheel system.

The measurement layer is designed to realize the angular rate sense of the spacecraft
with the proposed measurement methods, which contains the real-time Lyapunov linearization
Equation (20) and the small tilt linearization Equation (28). The tilt command inputs (¢4, Pya) as the
desired operating points are utilized to realize the real-time Lyapunov linearization measurement.
The outputs of the sensor block are input to both measurement equations. As previously mentioned,
the disturbance estimation (refer to [27,28]) should be studied further for Equation (20) in engineering.
The regular error compensation is investigated for Equation (28) for compensating the errors due to
zero tilt angle linearization.
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The spacecraft angular rates w;x, wlby can be obtained from the proposed measurement equations;
however, unlike the zero position linearization Equation (28), the twice periodic components are hardly
separated and ignored from the real-time Lyapunov linearization Equation (20). Therefore, if the
angular rates are sensed by Equation (20), the twice periodic components in the results should be
filtered out by the notch filters G(s), which can be designed as follow:

_ s2+2mas + (27f)?
524 27tbs + (27tf)?

G(s)

where f is the center frequency of the notch filter and given by f = 2for0r = 50 Hz; here, fuotor
represents the spin frequency of the motor; the parameters a and b are given by 0.1 and 60, respectively.

The key parameters in the simulation are given in Table 1. Besides, the initial attitude angular
velocity of the spacecraft w, = [wWyy; wWpy; wp;] = [0.001;0.001;0] rad/s, and ideally, we assume there
exists no disturbance torque acting on the spacecraft, but the control torques from GW.

Table 1. Gyrowheel and spacecraft design parameter in simulation.

Parameter Name Value

Rotor transverse-axis inertia I 3.458 x 1072 kg - m?

Rotor spin-axis inertia I;s 6.402 x 1073 kg - m?
Gimbal transverse-axis inertia Iy~ 1.2758 x 107> kg - m?
Gimbal spin-axis inertia s 1.8047 x 1072 kg - m?
Torsion spring stiffness ky, ky 0.092 Nm/rad

Torsion spring damping cy, ¢y, 0 Nm/(rad/s)

Operating tilt range of rotor ¢, ¢y  0° < ¢y, Py < 5°

Spacecraft inertia Isq; diag [ 50 50 50 ] kg - m?

In the following simulation, the static and dynamic measurements are studied, respectively.
In both cases, the proposed measurement Equations (20) and (28) will be analyzed.

5.2. Static Measurement Validation

Considering the situation of the static measurement, which means that there is no radial control
torque outputs in this case, the proposed measurement Equations (20) and (28) are applied to measure
the spacecraft angular rates at the operating tilt angle range. As an example, when the constant motor
speed of 157.04 rad/s is given and the X-axis tilt control commands of the rotor (¢.;) are given by
0°,0.1°,0.5°,1°,1.5°,2°,2.5°,3°,3.5°,4°,4.5°,5° in turn, the change curves of the measurement errors of
Equations (20) and (28) with the tilt angles are shown in Figure 5.

From Figure 5, we find:

1. The measurement accuracy decreases with the increase of the tilt angle for both the real-time
linearization equation and the zero position linearization equation; however, due to the linearization
operating points at zero tilt angles, the measurement accuracy of the latter deteriorates more seriously
than the former.

2. The absolute measurement accuracy of the real-time linearization Equation (20) within operating
ranges meets the adequate accuracy requirement. Therefore, Equation (20) can be applied to the
operating state at arbitrary tilt angles, but if there is not any linearization error compensation for
Equation (28), the zero position linearization Equation (28) is more suitable for the small tilt angle of
the rotor, rather than the larger tilt angle of the rotor (for example, see Figures 6 and 7.

Further, considering the measurement Equation (28) without the need for sensing the motor
rotation angle 6, and that the fault-tolerant performance of the measurement Equation (28) is more
excellent than Equation (20), if the measurement errors of Equation (28) can be compensated, it will be
a better choice in the time-sharing multiplexing scheme. Since the linearization errors vary regularly
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with the tilt angle according to the error curve in Figure 5, the error compensation expressions of the
measured spacecraft angular rates (Wpye, Wpy,) are established for Equation (28) based on the simulation
error data with polynomial fitting functions, which are given by:

Whye = — 1.447 x 1077 - 2, 4+ 1.379 x 107°
+1.080 x 107 - ¢2, — 8.840 x 1076
Whye = —4.355 x 1077 - ¢, 4 1.501 x 107°
+6.730 x 1076 - 9%, — 8.229 x 10°¢

L, — 6801 x 1076 93,
g +5.349 x 1077
- +2.008 x 1074 93,
g +8.113 x 1078

(29)

x 10
15 T T T T T T 0.03

+ Real-Time Lyapunove Linearization

=M= Zero Position Linearization without Compensat|an

= W = Zero Position Linearization with Compensation s
Q) ¥
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= K4 =
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o o
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] ]
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Figure 5. The change of measurement accuracy with the tilt angle.
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1
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Time(s) Time(s)
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= 157.04 rad/s:
(a) X-axis angular rate sensing of the spacecraft wy,; (b) Y-axis angular rate sensing of the spacecraft wy,.

Figure 6. Static measurement ¢,y = 0.1°,¢,3 = 0°, constant motor spin rate 0,4

With Equation (29) as the compensation equations of the linearization errors, that is
Whx_new = Why + Whye, Why _new = Why + Wpye, then the measurement error curves with the compensated
small tilt linearization equations are also shown in Figure 5 and expressed by the green dotted line and
squire markers. From this figure, the measurement accuracy with the measurement Equation (28) after
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the polynomial compensation is improved significantly, even superior to the real-time linearization
measurement Equation (20) in this case. Therefore, when the sharing time multiplexing measurement
scheme is adopted, compared to Equation (20), the measurement Equation (28) with regular error
compensation components is an ideal method of spacecraft angular rate sensing.

0.25 T T T 0.03
Real Value Real Value
& 0.2t = = = Real-Time Lyapunov Linearization H & 0.02F = = = Real-Time Lyapunov Linearization M
3 Zero Position Linearization without Compensatio § Zero Position Linearization without Compensatio|
g 0155 Zero Position Linearization with Compensation = 0.01 Zero Position Linearization with Compensation H
x - >

3 T o 1
© 01 1 o Yl
Il = i,
24 o -0.01r ¥ T
& 0.05¢ x10° 1 8 -
= = 002 x 10 |
=) > .
c A‘ 1.004 c 2.682
< () g ey A s ——. o o . A - [— < .
= 1.003 £ -0.03- 4
S v 1.002 5 0% 208
8 -0.05 ’ 18
g 1001 S -0.04 2078 1
& 1 —————— & 2.676

-0.1r 1 008t © b r e e~ 1

14 16 18 2614
14 16 18
-0.15 . ! . ~0.0 . . )
0 5 10 15 20 0 5 10 15 20
Time(s) Time(s)
(a) (b)

Figure 7. Static measurement ¢,y = 4.8°, ¢,y = 0°, constant motor spin rate 0,4 = 157.04 rad/s:
(a) X-axis angular rate sensing of spacecraft wy,; (b) Y-axis angular rate sensing of spacecraft Why-

Especially, the response curves of the X-axis tilt control commands given by 0.1° and 4.8° are
shown as Figures 6 and 7, respectively. From Figure 6, when the rotor is working at the tilt angle of
0.1°, the measurement accuracy of the zero position linearization Equations (28) with compensation
terms (Wpye, Wpye) 1s improved to precede 107 rad/s compared to the ones without any compensation
term. At this point, the real-time Lyapunov linearization measurement can also achieve the perfect
measurement performance of the spacecraft angular rates. When the tilt angle of the rotor is increased
to 4.8° in Figure 7, the measurement errors of the zero position linearization Equation (28) with
compensation terms (Wpye, Wyye) are far less than 107¢ rad/s. The real-time Lyapunov linearization
measurement accuracy can arrive at 1076 rad/s. However, the measurement accuracy of the zero
position linearization Equation (28) without any compensation term deteriorates seriously, so that
the uncompensated zero position linearization equations are not suitable for the angular rate sensing
at the large tilt angle. However, since the motor spin angle sensor needs to be introduced to realize
the measurement of the motor spin angle when the real-time Lyapunov linearization measurement
equations are used to realize the angular rate sensing, it will make the measurement realization more
complex in the time-sharing multiplexing scheme.

Comparing Figure 6 to Figure 7, the foregoing analysis for static measurement can be validated;
the most important and useful information is given: zero tilt angle linearization Equation (28) with the
regular error compensation components is the best choice for the time-sharing multiplexing scheme
of GW.

5.3. Dynamic Measurement Validation

In this subsection, we investigate the dynamic measurement of the spacecraft angular rates with
the GW, in which case, the control command of the X-axis tilt angle ¢,; keeps as time varying and is
given by ¢,; = 4sin(27 - 0.05¢)°, so that the Y-axis attitude angle of the spacecraft can be driven by the
gyroscopic moment from the GW. The response curves of the dynamic measurement of the spacecraft
angular rates with the GW are shown in Figure 8.

Similarly with the previous static measurement case, in Figure 8, the X-axis and Y-axis angular
rates can be sensed accurately by the real-time Lyapunov’s linearization method using GW, and the
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measurement equations linearized at zero tilt position no longer satisfy the measurement requirement.
Moreover, since the linearization errors depend on the tilt angular rate of the rotor, it is difficult
to establish the compensation polynomial equations by simulation data in dynamic measurement.
Therefore, even if in the dynamic measurement case, which means that the gyroscopic moments are
produced to control the spacecraft attitudes by tilting the rotor of GW along the radial direction,
the proposed innovative measurement Equation (20) based on real-time Lyapunov’s linearization is
also an effective way.

x
o
=)

1.2, T T T T T T T T T 0.015

m— Real Value

1 = = = Real-Time Linearization
2 @ Zero Position Linearizatiof
% 1H % 0.01- ero Position |
= >
3 osf — Real Value 3" 0005
o) ] = = = Real-Time Linearization [
g ] Zero Position Linearizatior) § /\//.\\//\//\//\
5 0.6f E of \A
5 | 5
c H E
S oaff = -0.005
s s
5]
g g
g 02 g -oon

'

]

o . . . . . . . . . 0,018 . . . . . . . . .

0 10 20 30 40 50 60 70 8 90 100 0 10 20 30 40 50 60 70 8 90 100

Time(s) Time(s)
(a) (b)
Figure 8. Dynamic measurement ¢,; = 4sin(27-0.05t)°,¢,; = 0° constant motor spin

rate 0,; = 157.04 + 20sin(27 - 0.02t)rad/s: (a) X-axis angular rate sensing of spacecraft wy,; (b) Y-axis
angular rate sensing of spacecraft wy,.

6. Conclusions

The GW can not only realize the function of the two-dimensional angular rate sensing, but also
the three-dimensional torque output at the same time. The angular rate sensing with GW could be an
effective supplement to the conventional ACS rate gyro configurations.

To achieve the above-mentioned goal, two principal contributions to the angular rate measurement
with GW are made in this paper:

(1) By combining the real-time Lyapunov’s linearization with the complex quantity transform,
two different measurement models of the spacecraft angular rate sensing with GW are established;
we named them as the “real-time Lyapunov linearization measurement model” and the “small
tilt measurement model”, respectively.

(2) For both established measurement models of GW, two different application schemes are proposed:
“time-sharing multiplexing of actuator and sensor” and “simultaneous realization of actuator
and sensor”. Additionally, the advantage and disadvantage of the two measurement schemes is
also presented.

Limited to the experiment conditions, simulations are performed instead of the validation
experiment with the GW prototype in this paper. By combining the ground calibration, the proposed
measurement method needs to be investigated further in the future.
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Abbreviations

The following abbreviations are used in this manuscript:

GW Gyrowheel

ACS Attitude control system

DTG Dynamically-tuned gyroscope

VSCMG Variable-speed control moment gyroscope

CMG Control moment gyroscope

MSDGCMG Magnetically-suspended double-gimbal control moment gyroscope

AMBs Active magnetic bearings
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