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In order to utilise the position and attitude information of a Celestial Navigation System (CNS)
to aid a Strapdown Inertial Navigation System (SINS) and make it possible to achieve long-
range and high-precision navigation, a new SINS/CNS integrated navigation scheme based on
overall optimal correction is proposed. Firstly, the optimal installation angle of the star sensor
is acquired according to the geometric relationship between the refraction stars area and the
star sensor’s visual field. Secondly, an analytical method to determine position and horizontal
reference is introduced. Thirdly, the mathematical model of the SINS/CNS integrated naviga-
tion system is established. Finally, some simulations are carried out to compare the navigation
performance of the proposed SINS/CNS integrated scheme with that of the traditional gyro-drift-
corrected integration scheme. Simulation results indicate that in the proposed scheme, without
the aid of SINS, CNS can provide attitude and position information and the errors of the SINS
are able to be estimated and corrected efficiently. Therefore, the navigation performance of the
proposed SINS/CNS scheme is superior to that of a more traditional scheme in long-range flight.
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1. INTRODUCTION. Today, High Altitude Long Endurance (HALE) Unmanned
Aerial Vehicles (UAVs) are being widely used in both military and civilian domains
due to advantages of low cost, zero casualty and so on. Since HALE UAVs are usually
exposed to a complicated interference environment and are required to fly for a long time,
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an autonomous and accurate long-endurance navigation system is urgently needed (Qu
etal., 2011).

SINS has been widely used as a primary navigation system. However, due to the drifts
and bias of Inertial Measurement Units (IMUs), a SINS cannot fully satisfy long-endurance
and high-accuracy navigation demands. Therefore, some external information from other
navigation systems must be introduced to aid SINS. This is called integrated navigation
(Wang et al., 2013; 2012; Li et al., 2008). A Celestial Navigation System (CNS) can
obtain both position and attitude information by observing celestial bodies via a star sensor
(Ma et al., 2015). The errors of a CNS do not accumulate with time or distance. There-
fore, the SINS/CNS integrated navigation scheme is an important development trend for
autonomous long-endurance and long-range navigation (Yang and Wang, 2013).

When introducing CNS to assist SINS, it is crucial to obtain high precision horizon
information which does not drift with time. At present, there are three methods to acquire
horizontal reference information: the Inertial Navigation System (INS)-aided method (He
et al., 2014), the direct horizon-sensing method and the indirect horizon-sensing method
(Ning et al., 2013).

1.1.  INS-aided horizon-sensing method. This method is usually applied to traditional
SINS/CNS integrated navigation systems and is also called the gyro-drift-corrected inte-
grated scheme. Generally, as CNS is measuring in inertial coordinates, attitude information
should be converted to navigation coordinates before data fusion. This conversion depends
on the horizontal information provided by SINS. Gyroscope drifts and attitude errors can
be estimated, and navigation accuracy can be improved to a certain degree (Wang et al.,
2012). However, the attitude conversion is based on the horizontal reference provided by
SINS. Consequently, errors of SINS are introduced to the CNS, which will lead to attitude,
position and velocity divergence in long-range flight.

1.2.  Direct horizon-sensing method. CNS can acquire navigation star vectors and a
geocentric vector by star sensor and infrared horizon sensor. Based on the two measure-
ments, geometric relations, combined with orbital dynamics models and a filtering method,
accurate speed and position information are easy to acquire (Ning et al., 2013). It is supe-
rior to the INS-aided horizon-sensing method in navigation accuracy (Wu and Wang, 2011).
However, there are two drawbacks to this method. First, due to the irregularity of the Earth’s
surface and the low precision of infrared horizon sensors, measurement accuracy cannot be
guaranteed for a long period. Secondly, nonlinear filtering and orbital dynamics models are
necessary in the method.

1.3. Indirect horizon-sensing method. Unlike the two methods mentioned above, the
indirect method makes use of refracted starlight and an astronomical refraction model to
acquire a precise horizontal reference without the aid of SINS or other sensors. In addition,
this method can provide accurate position information based on the dynamics model, mea-
surements of the star sensor and atmospheric refraction model via nonlinear filtering (Ning
et al., 2013). Currently, with the advent of star sensors with a large Field-Of-View (FOV),
it is possible to observe multiple starlight vectors at the same time. Therefore, it is possi-
ble to obtain attitude and position information synchronously. Compared with traditional
double-star sensors, large FOV star sensors have advantages such as: small volume, low
cost, light weight and high accuracy (Qian et al., 2014; Zhang and Zhang, 2009; Quan and
Fang, 2012).

However, when applying the third method to HALE UAVs, there are some limitations.
First, when there is only a single star sensor, the star sensor installation will directly
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Figure 1. Schematic diagram of a gyro-drift-corrected SINS/CNS integrated navigation scheme.

influence the observations of the navigation and refraction stars, which will affect the
accuracy of attitude and position determination. Thus, it is necessary to find a suitable
installation angle. Secondly, the common SINS/CNS integrated navigation system based
on stellar refraction is usually applied to Earth satellites and relies on the orbital dynamics
models. However, the motion characteristics of a HALE UAV do not satisfy dynamic orbit
models. Therefore, other positioning methods should be considered.

Consequently, in order to solve the limitations above, we propose a high-accuracy
SINS/CNS integrated navigation scheme based on overall optimal correction. The paper
consists of six sections. After this introduction, the SINS/CNS navigation scheme is
described in Section 2. Position and attitude determination algorithms are explained in
Section 3. In Section 4, the system model and measurement model of SINS/CNS are
deduced. Simulation results are shown in Section 5 and conclusions are drawn in Section 6.

2. SINS/CNS INTEGRATED NAVIGATION SCHEME DESIGN.

2.1. Scheme Design. At present, most of the traditional SINS/CNS integrated nav-
igation schemes are based on the gyro-drift-corrected mode, whose working principle is
shown in Figure 1 (Hong et al., 2010; He et al., 2014).

CNS can obtain attitude according to the navigation star vector’s inertial frame, while
SINS would provide the auxiliary matrix information C7 to convert the attitude to the nav-
igation frame. The differences of attitude between CNS and SINS are then sent to the filter
for data fusion. Misalignment angles and gyroscope drifts can be estimated and corrected
effectively. However, on one hand, the navigation errors of SINS have been introduced into
the transfer matrix C7/ and on the other hand, due to the bias of the accelerometer, position
errors will gradually accumulate and cannot be compensated. This results in a slow diver-
gence in the navigation solution with time. Obviously, this kind of scheme cannot meet the
requirements of long-endurance and high-accuracy navigation.
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Figure 2. Schematic diagram of the proposed SINS/CNS integrated navigation scheme.

In order to improve the performance of the integrated navigation system mentioned
above, a SINS/CNS integrated navigation scheme based on overall optimal correction is
proposed for a HALE UAV. The integrated navigation scheme is composed of three parts:
SINS subsystem, CNS subsystem and data fusion subsystem, as shown in Figure 2.

In the SINS subsystem, outputs of the IMU include angular rate “)Z‘b and specific force
fik - b, and f;2 are used to calculate the position A, L, &, velocity © and attitude 6, ¢, 7 via
the navigation solution mode. As the large FOV star sensor can observe multiple starlight
vectors simultaneously, it is convenient to capture navigation stars and refraction stars.
Navigation star vectors can be used to solve attitude 6, ¢, y. Apparent height &, which is
used to calculate position A, L, &, can be acquired by refraction stars and a stellar refraction
model. As the observing noise of h, cannot be neglected, a digital filter is introduced to
pre-process the measurement h, to improve the accuracy of positioning. The CNS will
also provide the horizontal reference C7, which is important for attitude conversion. The
Kalman filter is then used for data fusion and measurements of the Kalman filter include
attitude difference ¢ and position difference §, (Zhang et al., 2014). Finally, misalignment
angles Ag, position errors 85 and drifts of gyroscopes and bias of accelerometers can be
estimated and corrected efficiently. Estimated states are then chosen to feed back so that
the errors of SINS can be compensated efficiently (Quan et al., 2008).

Comparing the two schemes above, it is clear that the proposed integrated navigation
system based on overall optimal correction has advantages as follows:

(1) CNS can provide comprehensive independent navigation information. For the tradi-
tional gyro-drift-corrected scheme, CNS can only provide attitude information, while
in the proposed scheme, CNS can output attitude, position and horizon references
independently.

(2) CNS is not constrained by the errors of SINS. In the traditional navigation scheme,
star sensor measurement error, centroid extraction error and pattern matching error
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Figure 3. Diagrammatic sketch of the installation angle.

(Wang et al., 2012) are introduced, and SINS error is also included. However, in the
proposed scheme, regardless of attitude or position determination, CNS is free from
the influence of SINS errors. The reduction error sources can effectively slow down
the divergence trend, which is more suitable for long-endurance navigation.

(3) The errors of SINS can be estimated and corrected more comprehensively. In the
traditional scheme, only misalignment angles and the gyro constant drifts can be
estimated. In the proposed method, excepting misalignment angles and gyro drifts,
position and velocity errors and accelerometer bias can be effectively estimated and
compensated. Consequently, the navigation accuracy of the proposed scheme has
been greatly improved.

2.2. Installation angle design. The large FOV star sensor is required to observe two
kinds of starlight: one is navigation starlight, which is used for attitude determination
and the other is refraction starlight, which is essential for calculating position. Obviously,
installation angle and direction of optical axis are important factors, which will affect the
observation results and then affect the accuracy of attitude and position. Therefore, it is
necessary to find a reasonable installation angle.

As shown in Figure 3, the refraction area consists of two blue dotted circles and the two
black dotted lines are the boundary of the FOV. Installation angle « is the included angle
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between the negative direction of position vector —rY and the optical axis direction vector
V. Generally, it is better to make the optical axis Vy point to the refraction area, so that
refraction stars can fall within the scope of the FOV to the greatest degree. By taking all the
factors that may affect the accuracy of the atmospheric refraction model into consideration,
we choose refracted height 4, ranging from £, = 20 km to sg; = 25km (Yang et al., 2015).

The critical refracted starlight §; and S, at the height of 4,1, Ay, are shown in Figure 3.
The critical refraction angles R and R, will be acquired by the empirical formula:

(D

Ry = 6965-4793 ¢~ 013180263 hie
Ry = 69654793 ¢~ 13180263 hz

Angle y is defined as the included angle between position vector 75 and refracted starlight

vector § and it can be calculated by the following formula:

AS 3
y = arccos < rA ) 2)

[ 7]

where r, = |7S| is the geocentric distance and R, is the Earth’s radius.
According to Equation (1), the value range of y can be acquired as follows:

VISV =W

_ . Re + hal
Y1 = arcsin P (3)

. (Re + haZ)
Y2 = arcsin
Is

The direction of the star sensor’s optical axis V, can be adjusted by installation angle .

If f/b is located in the shadow area formed by critical refracted starlight §; and S,, there
are a large number of refraction stars which can be captured by the star sensor. Therefore,
it is necessary to find a reasonable installation angle «.

Figure 4 illustrates the geometric relationship of Figure 3 when projected onto the celes-
tial sphere. Once the position of the HALE UAV M is acquired, its projection M’ is as
shown in Figure 4. If the refraction area 20 km—50 km is projected onto the celestial sphere,
it would generate an annular area on the surface of the sphere, just as the blue annular
shown in Figure 4. The red circle is the projection of the star sensor’s FOV and optical

axis vector J intersecting with the spherical surface at point ” which is the centre point
of the red circle. The red circle has an overlapping part with a blue annular area, just as
the hatched region ABCD shown in Figure 4. Stars located in this area are refraction stars
which can be observed by the star sensor. Since the area of ABCD is decided by installation
angle «, when the area value S,pcp reaches its maximum, installation angle « is optimal for
observing refraction stars. However, the value of Sypcp can be reflected by included angle

N N
B between DM " and VA1 ’. Obviously, when the angle 8 achieves its maxmuim, installation
angle « is correspondingly optimal.

N N
As shown in Figure 4, AM ' and DM ' are both large arcs. According to the definition
N N n
of the blue annulus, AM " =y, and DM’ = y,. Since D}’ is the radius of the red circle,
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Figure 4. Geometric sketch of the installation angle in the celestial sphere.

the angular distance is g, /2. In the spherical triangle M’DV’, according to the cosine law
of a spherical triangle, the following equation is formulated:

Oov _ L
cos E COS a cos Y, + sin« sin y; cos B “)

where 6y, is the FOV of the star sensor, « is the installation angle and g is the included

N n
angle between DM ' and V'M '. Then angle B can be determined:

fov

0,
COS 5 — COS X COS Y2 }

B = arccos { 2

sinw sin y;

)

The differential of Equation (5) is written as:

Ofou .
(cos 4+ cosa — cos yZ) sin y,

g = - (6)
o0
. . > COS -5— —COS & COS Y2
(sina sin y2) \/1 - <W>

When g’ = 0, the value of « is:

« = arccos ( cosg/z ) (7

Oou
COoS >

From Equations (3) and (7), it can be summarised that the optimal installation angle is
decided by the FOV of the star senor 6y,,, refracted height 4, and position of the HALE
UAV 7.

It is clear that, when the star sensor and refracted height are selected, 6, and h, are
constants. So, the installation angle « varies with position information 7. However, the
installation angle of the star sensor cannot be changed. In order to make it possible to point
the optical axis to the designated area, an attitude manoeuvre method is introduced. When
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Figure 5. Schematic diagram of position determination algorithm.

a HALE UAV is flying for a long time, the navigation computer can provide navigation
parameters and calculate attitude control commands in real time. Then the UAV will rotate
around the centre of mass according to the attitude control commands to ensure the optical
axis points to the best area. In addition, this ensures that there are enough refracted stars
captured in the FOV of the star sensor.

3. ATTITUDE AND POSITION DETERMINATION ALGORITHM. In this paper, the
key point of the SINS/CNS integrated navigation scheme is that the CNS can make use of
the star sensor to determine attitude, position and horizontal references at the same time.
The attitude determination method has been applied to actual flight missions (Hong et al.,
2010). The traditional stellar refraction positioning method relies on an orbital dynam-
ics model and a non-linear filter (Ma et al., 2015). However, the motion characteristics
of a HALE UAYV do not satisfy the orbital dynamics equation. To solve this problem, a
position method based on the least square differential correction is introduced (Wang and
Ma, 2009).

3.1. Position and horizontal reference determination algorithm. The density of the
atmosphere is uneven. Consequently, when starlight passes through the atmosphere, it will
be refracted and then bend gradually towards the centre of the Earth. Therefore, viewed
from a HALE UAV, the position of an apparent star will be higher than that of the actual
star. Apparent ray i, diverges from actual ray u, as shown in Figure 5. Angle R between 1,
and 1 is defined as the refraction angle. According to Figure 5, the refracted ray appears
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to graze the horizon of the Earth at an apparent height %,, but is actually at a slightly
lower height /.. There is a nonlinear mathematical relation between apparent height /4, and
position vector 7.

In order to acquire position information, it is necessary to solve nonlinear equations.
The Least Square Differential Correction (LSDC) method, which is efficient in dealing
with the nonlinear measurement, is introduced in this paper. Figure 5 illustrates the process
of position determination based on LSDC. It includes the following six steps:

Step 1. Acquire refraction angle R. Firstly, it is necessary to obtain the refraction angle
R. After star image identification (Wang et al., 2012), the position of a refraction star in

measuring frame (s) can be denoted as §:

1 _(xr - X())

_(yr —)/0) (8)

Sy =
\/(xr_x0)2+(yr_y0)2 +f2 f

where (x,, y,) is the centre point of this refraction star in the (s) frame, (xo, )) is the centre
point of the lens in the (s) frame and /* is the focal length of the star sensor.

The actual position of the star in the (i) frame is S;, which can be obtained by reference
to a star catalogue after star image identification. Then, combined with installation matrix
C? and attitude matrix C?, vector S; can be transformed into the (s) frame as Equation (9)
shows:

Sis = (CHTClS; ©9)

Therefore, based on the definition of refraction angle R, R can be determined by the

following equation:
N
R = arccos ((S,S> S,-S) (10)

Step 2. Construct measurement matrix H,. There is an accurate function describing the
relationship between refraction angle R and refraction height 4, (Yang et al., 2014):

27 R,
hg =ho — H In(R) + H In(po) + H In <k(k) I ) (11)

where /4 is a reference height; k(1) is the scattering coefficient; R, is Earth’s radius; py is

the atmospheric density at height of /4, and H is the atmospheric density scale height.
Assuming that the atmosphere satisfies spherical lamination, according to the optical

refraction law, refraction height %, and apparent height 4, have the following relationship:

H
2R,

hy =hg+(Re+hg)' (12)

Associating Equation (11) with Equation (12) and taking R, > &, into consideration, it
is easy to deduce the mathematical formula between /4, and R:

hy = hy — HIn(R) + H In(py) + H In <k(k)\/%) +R\/% (13)
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where H, py, ho, Re, k(1) are all constant when A is given. Once a refraction angle is
acquired, corresponding height 4, is also derived via Equation (13).

As is shown in Figure 5, apparent height 4,, refraction angle R, and the UAV’s
geocentric distance 7y satisfy the following equation:

2
he=Vr, —u*+utan(R) — R, — a (14)

where 7, is the position vector and #, = [cos 8, cos as, cos 8 sin oy, sin 8g]7 is the unit
position vector of the refraction star in the (i) frame. §; is declination and «; is right ascen-
sion. u = |Fy - iy and a is a small constant as shown in Figure 5 and is usually neglected
when calculating 4,. When starlight is close to the surface of the Earth, the refraction will
become more obvious. So, refraction of starlight mainly occurs in the stratosphere and tro-
posphere. Refracted starlight observed from the top of the stratosphere is little different to
that observed from outside the atmosphere (Hays and Roble, 1967). According to Equa-
tions (13) and (14), the positioning error caused by the refraction angle is about 134-93 m
when the measuring error of the star sensor is 3” and its height is 30 km. Therefore, if the
accuracy of the star sensor is high enough, the influence of the refraction angle on posi-
tioning accuracy can be controlled in a very small range. So, as long as a HALE UAV is
flying beyond the stratosphere (more than 30 km), the traditional star refraction model is
still available.

We assume that there are n (n > 3) refraction stars which are captured by the star sensor.
According to Equation (7), refraction angles [R|,R;...R,]” can be acquired. Based on

Equation (14), measurement vector Ha(?s) is also acquired:

Bt 1/7‘? —u%+u1 tan(Rl)—Re

_ hao 72— u3 +uy tan(Ry) — R,
H(r)=| . | = o (15)

han 2 .
ry —ul+u,tan(R,) — R,

where h,; is the apparent height of the ith refraction star; 7, = [r; ry r.]7 is the position
vector of the HALE UAV; i = [cos 8s; coS oy, €0S g sin o, sin 8s;]7 is the unit
position vector of the i-th star in the (i) frame and u; = |7 - ug|(i = (1,2, ...n)). Equation
(15) is an equation with three unknown quantities 7y, 7, 7.

Step 3. Solve position 7 based on measurement vector H,. We choose 7y as the initial

value of position vector 75- and the first-order Taylor series expansion of Equation (15) at
the point of 7 is expressed as:

Hy(ry) = Ho(re)+A- A7 +V (16)

where V' is the residual sequence of the first order Taylor expansion of Equation (16);
A1 =7, — Iy is the differential correction and 4 is the partial derivative matrix of H,(7;)
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with respect to the position vector ?S. It can be calculated by the following formula:

[ 0hg  Ohg  Ohy ]
Iy }"y v,
3ha2 aha2 ahaz
A= aHa(rS) = Ix ry r; (17)
ary ) ) ]
ahan ahan ahan
- Tx I’y rz |
oha; _ ry —u; - cosd;cosa;
I 22—
dha; _ ry —u; - cos §;sina;
ry P (i=12,...n) (18)
oha; _ r. —u;-sing;
"z 12— u?

Then the value of differential correction A7 can be acquired from the following equation:
Af = (A" AT (HL(r ) = HoGo)) (19)

Updated ?S with A7
Fse = T T Ar (20)

The process above is repeated by using the corrected 7. as the initial value 7o in the next
turn until the difference between 7y and 7y, satisfies the iteration termination requirement

| 75 — 7S0| < &. The solution of 7 is 7.
Since position vector rg = [ry 7, 7] has been solved, it is convenient to calculate
declination 8,4, right ascension «, and height 4 of a HALE UAYV in the (i) frame:

ag = arctan(ry, /ry)
84 = arctan(rz NGRS rﬁ 21)
h=r.,—R,

where oy € (0 ~ 27), 84 € (—m/2 ~ 7 /2). Then, declination 8, and right ascension o, can
be transformed to the navigation frame (n). Therefore, geographic latitude L and longitude
A can be written as:

r=aq—tg (22)
L= (Sd
where 7 is the Greenwich Hour Angle (GHA) of the Spring Equinox.

Step 4. Extract horizontal reference. Position vector 7 ¢ obtained in Step 3 can also be used

to calculate matrix C? since 75 contains the horizontal information.  represents the unit
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position vector which can be expressed as:

=715l =[peppl” (23)

Matrix C7 can be derived by the following formula:

Dy Px o 1
Ji=p2  J1-p?
=\ _ DxP: _ Pyp: 1—p2 (24)
Vi-p2  J1-p? )
Dx Dy P=

Up to now, position and horizontal references with high-accuracy have both been acquired
via the least square differential correction method.

3.2. Attitude determination algorithm. Assuming that n (n > 3), navigation stars can
be captured, and will generate an optical image on the Charge Coupled Device (CCD)
surface. (xg;, ys;) is the centre point of the i-th navigation star in (s) frame. The i-th starlight
vector can be formulated as:

1 XSi
ysi |, (@=1,2---n) (25)

Vit LS

where f is the focal length of the star sensor.

Multiple vectors of n (n > 3) stars in (s) frame are denoted as Cj. Position vectors of
n stars C;, in the (7) frame can be acquired by star image identification. According to the
installation relationship between a star sensor and a HALE UAV, it is easy to calculate
the installation matrix M”. Then the attitude matrix A} has the following relationship with
Cy, C;, and M?:

Sis =

ci=ALMPC, (26)

Finally, the high precision attitude matrix 4} can be calculated by using the least squares
method.

Equation (24) provides horizontal reference C and combined with A4 solved in
Equation (26), it is easy to acquire matrix C}; which can be used to calculate attitude

information:
Cy=Cl -4, 27)
According to the definition of attitude angles, [¢, ¥, ] are derived by the following
formula:
© arcsinCy(3,2)
y | = | —arctan[C}(3,1)/C}(3,3)] (28)
14 arctan[Cj(1,2)/Cy(2,2)]

Based on the analysis above, it is summarised that the proposed SINS/CNS scheme
relying on a single large FOV star sensor is able to provide real-time position, horizontal
reference and attitude information for a HALE UAV. The positioning algorithm principle
of a star sensor is simple with only a small amount of calculation. The horizontal reference
is totally free from SINS, which results in a higher attitude precision.
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4. MATHEMATICAL MODEL.

4.1. System model. We select the misalignment angles, velocity errors, position
errors, drifts of gyroscopes and zero biases of accelerometers as system states. According
to error equations of SINS, the system model is as below:

X=FxX+cw (29)

where the state vectoris X = [¢x, ¢y, @2, Svy, Ov,, vz, 8L, SA, 8h, &, €, €2, Vi, V,, V.17,
including misalignment angles ¢y, ¢y, ., velocity errors dv,,dv,,dv., position errors
8L, 5X,8h, gyroscope drifts ., ¢,, &. and accelerometers biases V., V,, V..

F is the state transition matrix:

7= |fNox9) Fsexo (30)
Oe6x9)  Opxe)

Non-zero elements of Fy are:

. v, v
Fn(1,2) = wjesin L+ RN)':' tan L Fn(1,3) = — (w,-e cosL + RN: h)
1 . v,
Fy(1,5) = TRy Th Fy2,1)=— (a),-e sinL + RN:-h tanL)
Fn(2,3) = ——2 Frn(2,4) =
N(2, Ry +h N2, Ry +h
Fn(2,7) = —wie sin L Fn(,1) = wjecos L + R;i ;
FnG3,2) = —2 Fx(3,4) = tan L
NQ3, Ry +h N(3, Ry +h
Fn(3,7) = wjecos L+ R]\;)):- ; sec’ L Fy(4,2) = —f;
Fy@4,3)=/, Fy(44)= —2 tan] — =
N4, 'y N Ry+h Ry +h
. v v,
Fn(4,5) = 2wjesin L + RN]'C" ; tan L Frn(4,6)=— <2w,-e cosL + RN:' h)
Fyn(4,7) = 2w;evy cos L
Uy U
ﬁ sec? L+ 2w;ev, sin L Fy(5,1) =1
. v
Fn(5,3) = —f Fyn(5,4)= -2 (u)ie sinL + RN):Lh tanL)
FnG,5) = ——2 Fn(5,6)= ——2
NG5, Ruy +h NG5, Rop 1
v
Fy(5,7) = =2 <wie cos L+ RN):rh sec? L> vy Fy(6,1) = —f,
Ux
Fn(6,2) = Fn(6,4) = =2 [ wjecos L +
V(6.2 = f w6, =2 (ecos 2
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20, .
1W@Q=RMih Fn(6,7) = —2wievy sin L
Fn(7,5) = Fn(8,4) = L
N(7,5) Rt h N(8,4) Ry
FN@J)=R;ihswLan Fn(9,6) =1

where wj, is the rotational angular velocity of the Earth; v., v,, v. is the velocity provided by
SINS; f. .- is the specific force along the three axes; R) is the main radius of curvature
of the meridian and Ry is the main radius of curvature of prime vertical.

F can be expressed as:

—Cp 03,3
Fg= b 31
s [OM & 31)
G is the noise driven array:
—Cp 0343 |
G=1|0:3 C} (32)
093 0O9x3 |

W= [wg Wgy Wg: Wiy Way wg-]T is the noise vector, where gy, Wgy, Wg: 15 the noise of the
gyroscope and wyy, @y, , g 18 the noise of the accelerometer along the three axes.

4.2. Measurement model. Misalignment angles and position errors are selected to be
measurements of Kalman filter. The misalignment angle vector can be calculated from the
attitude error of SINS and CNS. § = [66, d¢, §y] stands for attitude error and according to
its definition, it can be expressed as:

80=0—0
Sp=¢—¢ (33)
Sy=y—vy

where 0, $, 7 is the attitude of SINS and 6, ¢, y is the attitude provided by CNS.
Assuming that C? is the attitude matrix calculated by SINS and the actual attitude matrix
is Cﬁ, these two matrices satisfy the following equation:

Cn Cn Gy Cii Crn Cis 1 ¢ =9

C=Ca=C1 Cn Cs|=|Cy Cn Cul||-¢ 1 bx (34)
C31 C32 C33 C31 C32 C33 ‘py _¢x 1

According to the identification of CZ, it is clear that sinf = Cy3, tang = C,;/Cy, and
tany = —C3/C33. Referring to Equations (33) and (34), the following three equations are

given as:
sin( — 80) = —¢, Cay + ¢ Coy + Co3 (35)
Cot — ¢.Cop +,C
tan(@ — ) = L2 T4 (36)
¢-Co1 + Cpp — ¢ C3
—¢,C11 +¢.Cra+ C
tan(p — 8y) = — &y Ci1 + . Cra + Cy3 37)

_¢yé3l + ¢ Cyy + C33
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We linearize the left parts of Equations (35), (36) and (37) and expand the right parts
of Equation (35), (36) and (37) using the Taylor series. Equations (35), (36) and (37) can
be transformed as the following three equations, when neglecting the second-order or more
than second-order small quantity:

36 = —¢, cos g + ¢, sing (38)

8¢ = —¢,sin@tand — ¢y cOs @ tan 6 + ¢. (39)
sin @ cos @

8)/ = _¢x - (40)

~ y A~
cos b cos b

Therefore, the misalignment angles ¢., ¢,, ¢. can be determined by attitude error:

N —cos¢p 0 —singcosH| 50
¢, | =] sing 0 — cos@cosh | | 8¢ 41)
¢- 0 1 —siné sy

Then the measurement equation can be expressed as:
Z] = H]X + V1 (42)

where Zy = [¢y ¢y ¢-1"; Hi = [l3x3 03x12] is the measuring vector and V; stands for
measuring noise.

When the measurement is the position error between SINS and CNS, the measurement
equation can be expressed as:

Zr =H)X + 1, (43)

where Z, = [i —Li-— AT is the position error; i,i and L, A are the position results
provided by SINS and CNS; H, =[02x¢ lx2 02x7] is the corresponding measurement
vector and V) is measuring noise.

Therefore, based on Equations (42) and (43), the measurement model of SINS/CNS
integrated navigation system is deduced as:

Z=HX+V (44)

where Z = [Z] Zz]T; H= [H1 Hz]T; V= [V1 VQ]T.
Finally, the state model Equation (29) and the measurement model Equation (44) are
linear, and a Kalman filter is utilised to estimate the state to correct the errors of SINS.

5. SIMULATION VERIFICATION AND ANALYSIS.

5.1. Simulation conditions. The simulation conditions are as follows (Wu et al.,
2006). Table 1 shows the initial navigation parameters and Table 2 gives the bias, drifts
and noise of the related measuring devices. Table 3 sets the simulation time.

Based on the simulation conditions above, a UAV flight simulation scenario of four
hours was designed and is illustrated in Figure 6. It includes all the motion pattems of the
UAY, such as straight-line motion, turning motion, acceleration, deceleration, climbing and
descending.
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Table 1. Initial navigation parameters.

Initial position Py = [40°N, 100°E, 30 km]"
Initial position error AP =[100m, 100m, 200 m]"
Initial velocity Vo =[141-4m/s, 141-4 m/s, 0]"
Initial velocity error AV, =[0-2m/s, 0-2m/s, 0]"
Initial attitude @y =[0°, 0°, 0°1T

Initial attitude eror Ay =[10", 10", 60"1T

Table 2. Bias, drift and noise of measuring devices.

Bias of accelerometer e=[10png, 10png, 10png]"

Measuring noise of accelerometer og =[5ng Spg Sugl’

Constant drift of groscope A =1[0-01°/h, 0-01°/h, 0-01°/h]T
Measuring noise of groscope g = [0-005°/h, 0-005°/h, 0-005°/h]™
Measuring noise of star sensor ws =3"

Accuracy of radar altimeter R,=5m

Table 3. Simulation time.

Total simulation time Ta1 =4h
Sampling time of SINS ts =0-02s
Sampling time of CNS te=1s
Kalman filter period T=1s
s | o
a5 e : szt A

Height (Km)

110.2
1104

40
Latitude (®) 1106

Longitude (°)

Figure 6. Simulated four hour HALE UAV trajectory.

5.2. Simulation results and analysis.

5.2.1. Number of visible navigation and refraction stars. It is necessary to analyse the
number of stars when a HALE UAV is flying for a long time. First, we exclude binary stars,
variable stars and the stars whose magnitude is greater than 6-5 in the Tycho2 catalogue
(Hog et al., 2000), and a simplified whole-sky star catalogue can be determined. The FOV
of the star sensor is 20° x 20°, and the resolution of the image plane is defined as Nx x
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Table 4. Statistical table of number of stars screened by star sensor in one hour.

Type N, >3 N, =0 N, >3 N, > 30
Times 3600 211 2998 2720
Proportion 100% 5-86% 83-28% 75-56%

1000

—
[
=
—
(=)
-
=

Error of Latitude (m)
Error of Longitude (m)

0 500 100 1500 2000 2500 3000 3600 4000 0 500 1000 1500 2000 2300 3000 30 4000
Times (s) Times (s)

(c)

Error of Height (m)

Times (s)

Figure 7. Position error of pure celestial analytic position algorithm.

Ny = 1024 x 1024. Pixel size is 14-7 um. The total observing time is one hour, and the
interval time is set as 1 s. The number navigation stars and refraction stars screened by the
star sensor in one hour is shown in Table 4. N, stands for the number of navigation stars
and N, stands for the number of refraction stars.

It can be seen clearly from Table 4, that over the whole hour, there are always more than
three navigation stars in the FOV of the star sensor. This means that the attitude determi-
nation procedure can be carried out successfully. On only a few occasions (5-86% of total
time) does the star sensor fail to capture refraction stars. However, during 83-28% of the
whole period, the number of refraction stars is more than three. So, we contend that the
proposed pure analytic positioning algorithm based on stellar refraction is feasible.

5.3. System performance verification and analysis. Based on the information above,
the performance of the analytical positioning method is verified. We select the variance of
refracted height noise as 80 m when there are more than three refraction stars, and the CNS
can update the position of the UAV. While there are less than three refraction stars, CNS
uses the positioning results at the last good fix. Simulation positioning results are shown
in Figure 7. Results show that the proposed pure celestial analytic positioning algorithm is

https://doi.org/10.1017/50373463318000346 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463318000346

1584 JIAFANG ZHU AND OTHERS VOL. 71

osl [==--- Drift-corrected SINS/CNS ||
——— Proposed SINS/CNS

Easterly position error /(km)

time /(h)

Figure 8. Easterly position error.

0.5
----- Drift-corrected SINS/CNS |
Proposed SINS/CNS

Northerly position error /(km)

time /(h)

Figure 9. Northerly position error.

[— Drift-corrected SINS/CNS | |
Proposed SINS/CNS

Total position error/(km)

time /(h)

Figure 10. Total position error.

feasible. When the HALE UAV is flying for one hour, latitude error is maintained at about
500 m and longitude error does not exceed 1,000 m. The maximum height error is less than
60 m.

The performance of the proposed SINS/CNS integrated navigation system are compared
with that of a traditional gyro-drift-corrected SINS/CNS integrated system, as shown in
Figures 8—16. In order to distinguish different simulation results of the two integration
schemes, red curves are used to express the results of the proposed navigation scheme and
blue curves illustrate the results of the traditional gyro-drift-corrected SINS/CNS scheme.
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-y
o

————— Drift-corrected SINS/CNS | |
Proposed SINS/CNS

Easterly velocity error /(m/s)

2
time /(h)

Figure 11. Easterly velocity error.

o6l [--—--- Drift-corrected SINS/CNS ||
Proposed SINS/CNS

Northerly velocity error /(m/s)

time /(h)

Figure 12. Northerly velocity error.

————— Drift-corrected SINS/CNS
0.6 ——— Proposed SINS/CNS

Total velocity error /(m/s)

time /(h)

Figure 13. Total velocity error.

Figures 8—10 illustrate the position errors of the proposed SINS/CNS scheme and the drift-
corrected SINS/CNS scheme. Figures 11—13 compare the velocity error, and attitude error
is shown in Figures 14—16. Table 5 shows the performance precision comparison between
the gyro-drift-corrected SINS/CNS scheme and the proposed scheme (including variance
and maximum value of navigation error).

As the blue curves show in Figures 810, the position errors of the gyro-drift-corrected
SINS/CNS scheme are gradually diverging with time and the maximum total position error
reaching 343-20 m, as shown in Table 5. However, as shown in the red curves, it is clear
that the position errors of the proposed SINS/CNS scheme are sharply reduced. With the
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15

[femrs Drift-corrected SINS/CNS |
10 ——— Proposed SINS/CNS

Pitch angle emror/(")

time/(h)

Figure 14. Pitch angle error.
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Figure 15. Yaw angle error.

15 . . .
----- Drift-corrected SINS/CNS |
10 | — Proposed SINS/CNS

Roll angle error /(")

time /(h)

Figure 16. Roll angle error.

aid of CNS, the maximum total position error is reduced to 208-75 m. Velocity accuracy
of the proposed scheme is also improved as shown in the curves in Figures 11—13. Com-
pared with the gyro-drift-corrected scheme, velocity error of the proposed scheme does
not diverge, and the maximum error is reduced from 0-363 m/s to 0-168 m/s, as shown in
Table 5. Figures 14—16 show a comparison of attitude errors in the two different schemes.
As is shown in the blue curves, attitude errors of the gyro-drift-corrected scheme diverge
due to an inaccurate horizontal reference. So, the attitude accuracy becomes poor and the
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Table 5. Simulalion results of two different integration modes.

Gyro-drift-corrected

SINS /CNS scheme Proposed scheme

Navigation error variance maximum variance maximum
Easterly position error (m) 203-54 343-20 63-79 206-81
Northerly position error (m) 78-49 147-33 42.21 114-07
Total position error (m) 84-09 343.22 42-90 208-75
Easterly velocity error (m/s) 0-169 0-298 0-039 0-147
Northerly velocity error (m/s) 0-125 0-323 0-045 0-123
Total velocity error (m/s) 0-086 0-363 0-032 0-168
Pitch angle error (") 4.05 7-47 0-94 2:66
Yaw angle error (") 5-12 9.34 0-96 3.26
Roll angle error () 2:25 4.97 0-86 2-53
Total angle error (") 3.07 11-16 0-83 4.21

maximum error is more than 10”. As the CNS can provide an accurate horizontal refer-
ence, attitude errors of the proposed SINS/CNS converge quickly and remain at about 5”,
as shown in the red curves. Therefore, through the aiding given by the CNS, the accuracy
of SINS/CNS is significantly improved.

6. CONCLUSIONS. In this paper, a high-accuracy SINS/CNS integrated navigation
scheme based on overall optimal correction is proposed to achieve long-endurance and
accurate navigation. The following conclusions can be obtained through simulation and
analysis:

(1) Only one single large FOV star sensor needs to be installed on the body of a HALE
UAV which will reduce the design cost. Without the need for temporal registration
between two star sensors, the rapidity and accuracy of the system can be improved.

(2) The traditional CNS positioning method depends on an orbital dynamics model,
nonlinear filter and aid from SINS or a horizon sensor. However, the position deter-
mination algorithm proposed in this paper is based on just measurements of the star
sensor and a refraction model. Therefore, the accuracy and reliability of system is
enhanced, and calculation load is also reduced.

(3) As CNS will provide attitude and position, the navigation errors of SINS can be
continually revised. Compared with the gyro-drift-corrected SINS/CNS scheme,
the navigation performance of the proposed SINS/CNS scheme is significantly
improved.

Therefore, the proposed SINS/CNS scheme is suitable for a HALE UAV. It can also be
applied to vehicles which are required to fly for a long time, such as near space vehicles,
space shuttle vehicles and ballistic missiles.
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