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Abstract

To reduce the influence of the static unbalance on an infrared missile guidance system, a new static unbalance
measure system for the gimbals axes has been developed. Considering the coupling effects caused by a mass
eccentricity, the static balance condition and measure sequence for each gimbal axis are obtained. A novel static
unbalance test approach is proposed after analyzing the dynamic model of the measured gimbal axis. This
approach is to drive the measured gimbal axis to do sinusoidal reciprocating motion in a small angle and collect
its drive currents in real time. Then the static unbalance of the measured gimbal axis can be obtained by the
current multi-cycle integration. Also a measuring system using the proposed approach has been developed. A
balanced simulator is used to verify the proposed approach by the load and repeatability tests. The results show
the proposed approach enhances the efficiency of the static unbalance measurement, and the developed
measuring system is able to achieve a high precision with a greater stability.

Keywords: inertial stabilization platform, mass eccentricity, angular position turntable, dynamical model, least-
square fitting.
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1. Introduction

An inertial stabilization platform is the core component of an infrared guidance system,
which generally is composed of a mechanical device, tri-axial gimbals, torque motors,
sensors, information processing circuits and other units. The aim of an inertial stabilization
platform is to stabilize the sensor's line of sight towards a target by isolating the sensor from
the disturbance induced by the operating environment, such as various disturbance torques
and body motions [1-4]. In an inertial stabilization platform, because of the structure design
errors, material defects, machining and assembly errors, and so on, the centroid is usually
shifted from the center of a gimbals axis, which causes an unbalance torque. Furthermore, the
unbalance torque will be increased with the augment of the carrier acceleration. As a result of
the coupling effect between the gimbals elements, once the unbalance torque is beyond a
certain level, not only the optical axis vibrations and the output signals unsteadiness will be
induced, but also the hit accuracy and the flight stability of a missile will be attenuated [5-6].
In order to improve the missile guidance accuracy and reliability, and reduce the power
consumption due to the appearance of the static unbalance torque during the adjustment
process, the mass eccentricity of the gimbals axes must be calibrated. Therefore, it is
important to analyse the static unbalance property of the inertial stabilization platform and
find an appropriate method to test the static unbalance.

In the past decades, two typical categories of test systems based on the principle of
hydrostatic supporting or optical adjusting, respectively, have been developed to measure the
rotor static unbalance [7—-12]. Such methods as the electronic balance, guide rolling and the
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multipoint measurement fall into the first category, which is based on the principle of
hydrostatic supporting. Although the realization of the first category methods is fairly simple,
the measuring systems corresponding with them are usually purely mechanical systems which
are difficult to install or dismantle. Thus, the first category methods are inconvenient to use
and have a low testing precision. The second category methods mainly use the optical
adjustment approach. They overcome the inconveniences of the first category methods.
However, they often encounter the problem of a poor stability and a low efficiency, since they
rely more on environment changes. In order to overcome the shortcomings of the
conventional methods, an influence coefficient method and a modal balance method have
been investigated in recent years. Several rotor vibration types can be balanced at the same
time by using the influence coefficient method. With the aid of a computer, this method can
easily achieve the balance and automation of data processing. However, using this method
may cause many balance reboots at a high rotation speed, and the sensitivity will be reduced
in the case of balancing a higher vibration type [13—15]. On the contrary, by using the modal
balance method to balance the rotor fewer balance reboots occur at a high rotation speed, and
this method has a higher sensitivity even at a lower order vibration type. But, when the system
damping impact increases, this method may encounter a problem of difficult determining a
certain vibration type, so its availability is reduced [16-18]. A much more serious
inconvenience of both the influence coefficient and the modal balance methods is consuming
much more time to deal with rather complex calculations. The two methods apply many
fixtures to fix the measured object, and the rotation speed is difficult to control effectively,
which could easily damage a measured object. Therefore, they are not appropriate for
balancing a precision equipment.

To improve the tracking accuracy of an infrared missile guidance system, the static
unbalance torque caused by the mass eccentricity of gimbals axes must be reduced. Because
the above mentioned methods and systems are not suitable to test the unbalance of gimbals
axes for the inertial stabilization platform, this paper proposes a new unbalance testing
method of gimbals axes and a design of a new measuring system. First, the coupling effect
caused by the static unbalance between the gimbals elements of the inertial platform is
analysed. Then, a current integration method used to test the unbalance of a gimbals axis is
proposed, followed by the development of a test system based on the proposed method.
Finally, a balanced simulator of the inertial stabilization platform is used to conduct loading
tests and repeatability tests. The results prove the effectiveness of the proposed test method
and the developed measuring system.

2. The static balance analysis of the inertial platform gimbals axes

The structure of the inertial stabilization platform is shown in Fig. 1. It contains three
gimbals; each for one degree of freedom. From now on they will be called the outer, the
middle and the inner gimbal. The outer gimbal is the carrier of the middle gimbal axis, and its
axis is placed on the base. The optical detector is fixed on the inner gimbal, and the inner
gimbal axis is fixed on the middle gimbal. The outer, middle and inner gimbal axes are
perpendicular to each other. This structure not only isolates interferences from the carrier
itself and from other external disturbances, but also assures the optical axis of the detector
precisely pointing at the target while the gimbals are in the continual regulation[19]. To
facilitate modelling and analyzing the coupling effect caused by the mass eccentricity of
gimbal axes, five coordinates are defined in this study, and the relationships between them are
shown in Fig. 2. It is assumed that the coordinate o x,y,z, is the inertial coordinate system,

and the coordinate o,x,y,z, is the base coordinate system which is used to describe the
motion of the carrier. The coordinate o,x,y,z, and o,x,y,z, coincide with each other while
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the carrier is static. The coordinate o,x,y,z, is fixed to the outer gimbal. The angle of rotation
« is defined as a positive angle of rotation around the x, , and the matrix ¢ depicts the
transformation from o,x,y,z, to ox v,z . The coordinate o, x,y,z, 1s fixed to the middle

gimbal. The angle of rotation g is defined as a positive angle of rotation around the z_, and

[

the matrix ¢ depicts the transformation from o,x,,z, to o,x,,z,. The coordinate ox y z, is

m

fixed to the inner gimbal. The angle of rotation y is defined as a positive angle of rotation
around the y, , and the matrix ¢ describes the transformation from o,x,y,z, t0 o,x,y,z, . In

the case of the initial condition, the flats of the middle gimbal and the inner gimbal coincide
with each other. The optical detector is fixed on the inner gimbal and its axis is exactly
aligned with o, x, ; they are pointing at the front of the carrier.

outer wear

base

Fig. 1. The structure of the inertial stabilization
platform.

According to the coordinates o.x,y,z,, 0,%,,z, and ox y z  defined above, the gravitational

Fig. 2. Relationships between coordinates.

acceleration of the inertial stabilization platform is described from the inertial coordinate to
the outer, middle and inner coordinates, respectively, as follows:

8o 0 0
8 =& |G| 0 |=| —sina |g | ey
g, —g| |—cosx
'gmx 0 —sinasin
g.=g. |=C'C)| 0 |=|-sinacosf|g, (2)
. -g —cosa
gpx_ 0 —sinarsin Bcos y +cosasiny
g -lg |-ccc) o= —sinacos 3 g. (3)
g, —g | |-sinasin fsiny—cosacosy

It is assumed that the gimbals and the detector are rigid bodies, and only relative rotations
exist between each of the gimbals. The symbols m,, m, and m, represent masses of the inner,

middle and outer gimbals, respectively. The centroids of each gimbal will not be in the origin
after some adjustment has been made to the inertial stabilization platform, so they are
described in their coordinates as r, =(x,y,.2)", r,=(x,.».z,)" and r, =(x,,y,.z,)", respectively.
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In the inner gimbal coordinate, the unbalance torque projects in 0,X,¥,Z, can be expressed
by M, which is caused by the mass eccentricity of the inner gimbal and its load.

M,=[M, M, MPZ]T

=m, I:gp:“:xp Y Zp:|T ’ (4)

m gy, sinasin Bsiny +m, gy, cosa cosy —m, gz, sina cos
=| —m,gx, sinasin Bsiny —m, gx, cosacosy +m, gz, sinasin fcos y —m, gz, cosasiny

m,gx, sina cos f—m, gy, sinasin fcos y +m, gy, cosasiny

where [z ] denotes the anti-symmetric matrix of vector g, in 0,x,3,z, .
Since the inner gimbal can only rotate around y, and the unbalance torque of the inner

gimbal is only generated along J,, the static balance condition for the inner gimbal is
M, =0,ie.

—m, gx, sinasin Ssiny —m,gx, cosacos y +m,gz, sinasin fcos y —m, gz, cosasiny =0. (5)

It is obvious that @, f, ¥ change with time. So, to make the Eq. (5) true, it requires
holding the following Eq. (6):

x, = 0
{ : (6)

Similarly, the unbalance torque projects in o x,y,z, can be expressed by M,, which is
caused by the mass eccentricity of the middle gimbal and its load.

M, =[M, M, M,]

) LR A (S N A - @
&, Cosa—ni, gz, sincreos f+m, gx, sinceos Bsiny +m,gy, cosr—m g, sinacos foos y
=| —m,gx,, cos+m, g, sinasin f—n gx, cosccos y—m,gx, sinasin Ssiny —m gz, cosasiny +n,gz, sinasin foos y
m,gx,, sinacos f—m, gy, sinasin f+m,gx, sinacos feos y —m,gy, sinasin f+m gz sinacos Bsiny

where [g,, ] denotes the anti-symmetric matrix of vector g, in 0,X,V,Z, -
Because the middle gimbal rotates only around Z, , and the unbalance torque of the

middle gimbal exists only along Z, , the static balance condition for the middle gimbal is
M_=0,ie.

m, gx,, sina cos f—m, gy, sinasin f+m gx sinacos fcosy

(®)

—m gy, sinasin f+m gz sinacos fsiny = 0.

Since «, B,y change with time, only the condition of the Eq. (9) is satisfied. So, the Eq.
(8) can be true.
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0
z,=0 ' )
0

In addition, the unbalance torque projects in 0,X),Z, can be expressed by M,, which is
caused by the mass eccentricity of the outer gimbal and its load.

M, =[M, M, M,]

T

~ T ~ m\!

mo[gO][xo yo Zo] +mm[go](co) [xm ym Zm]
-1 T
~ » pm

+mp[g0](CmCo) [xp Y, zp]
['m, gy, cosa —m, gz, sina +m, gx, cosasin B+m, gy, cosacosB—m, gz, sina |
+m,gx, cosasin fcosy +m,gx, sinasiny +m,gy, cosc cos 8
+m, gz, cosasin fsiny —m gz sina cosy
=| —m,gx, cosa —m, gx, cosacos f+m,gy, cosasinff—m gx cosccosfcosy |, (10)
m, gy, cosasin f—m gz, cosa cos fsiny

m,gx, sina +m, gx, sinc cos f—m, gy, sinasin f+m, gx sina cos fcosy

—m,gy,sinasin f+m gz, sinacos fsiny

where [g, ] denotes the anti-symmetric matrix of vector g, in 0,x,y,z,.
Since the outer gimbal can rotate only around X, and the unbalance torque can only be
generated along x, , the static balance condition M, =0 should be met, i.e.

m,gy, cosa—m,gz, sina+m, gx, cosasin f+m, gy, cosacos B—m, gz, sina+m gx, cosasin fcosy

(D

+m, gx, sinasiny +m,gy, cosacos f+m,gz, cosasin fsiny —m gz, sinazcos y =0

Since «, B,y change with time, only the condition of the Eq. (12) is satisfied. Thus, the
Eq. (11) can be true.

x, =0

z, =

Xy =0 . (12)
Y, =0

My Y + 1, Y, =0

mo :0 + mm :m = 0

As the above process shows, for the inertial stabilization platform with three degree of
freedom the key to balance the gimbals is designing a counterweight to counteract the static
unbalance torque caused by the mass eccentricity, and make the centroid of each gimbal
return to its rotation centre. It can be seen from the Egs. (6), (9) and (12) that the inner gimbal
rotates only around y , which means that the mass eccentricity of the inner gimbal and its
accessory along y, has no effect on the unbalance torque of the inner gimbal. However, it

affects both the middle and outer ones. Since the middle gimbal rotates only around z, , the
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mass eccentricity of the middle gimbal and its accessory along z, have no effect on the

unbalance torque of the inner and middle gimbals, but only of the outer gimbal. In addition,
although the inertial stabilization platform has the inner, the middle and the outer gimbals,
each gimbal uses an entirely independent servo apparatus. So, whichever of the gimbals is
chosen as the unlocked one to test its unbalance while the two other gimbals are locked, the
locked gimbals have a little influence on the measured gimbal.

Therefore, the test sequence of the static unbalance for the inertial stabilization platform
should follow the order from the inside gimbal to the outside one. The first step is to fix the
outer and middle gimbals, and then to measure the inner gimbal unbalance during its vibration
within the allowed rotation angle scale. After that, the inner gimbal is counterweighed
according to the test result. The second step is to lock the outer gimbal, simultaneously
locking the inner gimbal which has been counterweighed, and to measure the middle gimbal
unbalance when it is driven to rotate within the allowed rotation angle scale. After that, the
middle gimbal is balanced according to the test results. The last step is to fix simultaneously
both the inner and middle gimbals, - already counterweighed — and to measure the outer
gimbal unbalance when it is driven to rotate within the allowed rotation angle scale. After
that, the outer gimbal is counterweighed until reaching a balanced state according to the test
result. Since then, the gimbals of the inertial stabilization platform are all counterweighed.

The aforementioned conditions and characteristics of the static balance for the inertial
stabilization platform are based on the assumption that the carrier is motionless. When the
carrier has an acceleration @ , first the acceleration @ could be transformed from the
coordinate o,x,y,z, to 0,x,¥,z, , then the same process can be used to analyse it.

3. The dynamical model analysis of the static unbalance test

One of the gimbal axes is chosen as the measured one according to the measurement
sequence from the inside to the outside gimbals. It is important to make sure that the
measured gimbal axis is parallel with the horizontal shaft of the angular position turntable
before driving it to test the static unbalance. And - in order to eliminate disturbances - the
other two gimbals should be fixed in a stable state. In this paper, to simplify the model, the
measured gimbal is considered to be a disk with the mass m , and with the rotary inertia J . It
is assumed that both the measured gimbal axis and the axis of the angular position turntable
take the direction to the positive values of X . So, the single disk coordinate system is built as
shown in  Fig. 3, where C is the mass centre of the disk. O’, O and e are the whirling
centre, the geometry centre and the eccentricity of the disk, respectively. The angular velocity
of the disk is ¢ , and the torque of the driven motor is denoted by As___ . Then, the differential
equation of the single disk motion can be easily formulated by the rotor dynamics model,
which is built according to the second Lagrange equations.

motor

z

S

Fig. 3. The single disk coordinate system.
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The motion of a rigid body can be separated into the translational and the rotational
motions by its centroid. Therefore, the energy of the single disk can be written as follows
[20-25]:

T= %m(j/2 + 2% + &2 +2ehz cos ¢ — 2edy sin @) +%(J +me*)g* . (13)
The total virtual work caused by active forces on the single disk system is expressed as
S = (M, ~ K D= =Sk +2) - mg(z + esing) - chy—ciz (14)

where ¢ is the damping factor of the translational motion, K, is the damping factor of the

rotational motion, k is the bending stiffness of the disk, and K, is the torsion stiffness of the
disk.
According to the Eq. (14), the generalized forces corresponding to @,y,z are shown as
follows:
Q¢ =M, p0r = Kfé —kep$p — mge cos ¢
Q,=—ky—cy . (15)
Q =—kz—ci—mg

Inserting the Egs. (13) and (14) into the following Second Lagrange Equation|[16]:

- s

d or . ar
- 16
d (aq', L oq, (16)

the final differential equation of the disk motion can be obtained as:

(J +2me*)p+ K, p+kpp=M,

otor

my +cp+ky = me(@sing+ ¢* cos @) . (17
mi +cz + kz = me(§” sin ¢ — ¢ cos §) —mg

—mgecos @+ me(Psin g —Z cos @)

It can be seen from the Eq. (17) that the mass eccentricity not only increases the torsion
inertia, but also has an impact on the torsion motion of the disk.

If the line oo’ has an angle ¥ with respect to the positive values of ) , then the
projection of the point o can be expressed as y=|oo|cosy, z=|oo|siny in the coordinate
0’z . In addition, if |#| < 3", then sing ~ @, cosg ~1-0.54*. So, the Eq. (17) can be rewritten
by the Eq. (18) to analyse the unbalance torque:

(J+2me*)p + K, +key = M, — mge(1-0.5¢%) + me|oo'|sin(y — @) . (18)

motor

Since the disk is an isotropic rigid body, and - what has been discussed in this paper - is a
tiny-angle scale vibration, the |00/ can be regarded as constant. Though the parameters ¥

and ¢ are time variables, the difference value between them remains unchanged. Therefore,
on the right side of the Eq. (18) the last expression me|oo’|sin(y —¢) is deemed to be constant.

Integrating both sides of the Eq. (18) by time from ¢, to 4 +NI , the following
component can be obtained:
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to+NT' N . "o 5 1o +NT' ty+NT'
JIO [(J +2me )¢+Kf¢+kCR¢—me|00|51n(1//—¢)—0.5mge¢ ]a’t+mge£0 a’t='[O M, df. (19)

motor

If the disk vibrates with a sinusoidal reciprocating motion within a small angle range the
angular velocity is ¢ = 4sin(2z¢/T) . Then, integrating both sides of the Eq. (18) by time from

l, to t,+NT, we obtain exactly N times the vibration period with the amplitude 4 and the

period T for the single disk. Because the integration of a periodic function in its full period is
zero, the Eq. (19) can be simplified as follows:

1y+NT'

1 Mmotor dt
mge =—

BT (20)
dt

J

fy

It can be seen from the Eq. (20) that, as long as the disk is doing a stabilized sinusoidal
vibration in a small angle range, e.g. from -3 to 3° , the unbalance torque caused by the
mass eccentricity can be considered as constant.

In addition, it can be seen from the Eq. (17) that the variation of the static unbalance
torque caused by the mass eccentricity is similar to a sinusoid function if the disk rotates in a
full circle.

4. The composition of the static unbalance test system

The composition of the static unbalance test system for the inertial stabilization platform is
shown in Fig. 4.

measurement and
control system

key board
and mouse
signal line used for! L T
angular position ! angular | computer
turntable control position [¢ controller

turntable
controller

]
I
]
! indicator
I

inertial
stabilization
platform

A

A

multifunctional data
acquisition card

data acquisition| |input/output|| ..

channel port timer

I 4
v A

Test line| signal conditioning and
distribution circuit board

i
Test signal line used for inertial - stabilization platform /‘ l_c-hgs-is_ ———————————

Fig. 4. The composition of the static unbalance test system.
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It can be seen that the test system consists of controllers from NI Company, multi-
functional data acquisition cards, a self-developed signal conditioning board, a horizontal
shaft angular position turntable, various fixtures, a power source, etc.

In the static unbalance test system, the signal conditioning board is not only used to
communicate between the measured inertial platform and the multifunction data acquisition
card, but also to deal with the signal scale transformations and filtration. The angular position
turntable is driven by an AC servo controller, and the control signal is transmitted by a serial
port line from the controller of the static unbalance test system. The control signals of the
entire gimbal axis come from I/O ports and timers of the multifunction data acquisition card,
which is also controlled by the controller.

5. The implementation of the static unbalance test
5.1. The test procedures

The static unbalance test procedures of the measured gimbal axis by the developed
measurement system shown in Fig. 4 are introduced as follows.

The first step is to install the measurement system, where the measured gimbal axis of the
inertial platform is adjusted paralleling to the horizontal axis of the angular position turntable
by changing the orientation of the sectional fixture, and the other two gimbal axes are fixed in
a stable state.

The second step is to record the initial zero-locations of the angular position turntable and
the measured gimbal axis. The angular position, where the angular position turntable is driven
to reach and to be locked, is pre-set.

The third step is to input all the needed parameters to the controller and run the
monitoring software which is programmed by the graphical programming software Lab
VIEW. So the running status of the system can be displayed directly by animations, graphs,
curves and virtual panels on the indicator.

The fourth step is to choose a gimbal axis of the inertial stabilization platform as the
measured gimbal according to the sequence of the static unbalance test. At the same time, the
other two gimbals must be locked by the dual-loop PID control method.

The fifth step is to drive the angular position turntable to each pre-set angular position 6,,

where i is equal to 1, 2, 3, +*+, 36 in this paper. Then, the angular position turntable is locked
according to the angular displacement control signal which is generated by the test system
controller.

The sixth step is to drive the measured gimbal axis to do a limited angle sinusoidal
vibration at the angular velocity of ¢ = 4sin(27¢/T) . At the same time, the real time drive
current of the measured gimbal axis is acquired and recorded.

The seventh step is to obtain the unbalance torque of the measured gimbal axis by the
multi-cycle integration of the driven current. According to the analysis of the measured
gimbal in Section 2, the expression of the unbalanced value M,, can be obtained.

- j:’iadt
o =Ky J.tz,dt , 21

1i
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where i, denotes the driven current of the motor mounted on the measured gimbal, 7,, and ¢,
are the upper and lower time limits of integration for the measured current , during the i-th
measurement.

The eighth step is to repeat the process from the fifth step to the seventh step until the
whole test has been done (executed) for every pre-set angular position of the turntable.

5.2. Data processing

Generally, it is difficult to derive the amount and the distribution of the unbalance torque
directly from the data and diagrams got from engineering experiments. Therefore, in order to
solve this problem and better plot the curve between M, and 6,, the least squares fitting
method is adopted to deal with the 36 group records [27].

The curve between M, and 0, which is drawn by using the measured data is similar to a

sine curve; it just shows the correctness of the foregoing analysis methods. So, the data fitting
curve is selected as follows:

MT,, = MT, -sin(6, + b) + MK (22)
where the variable . denotes the angular position of the angular position turntable, whereas
b and MT. denote the phase position and the peak value of the unbalanced torque,
respectively. MK denotes the disturbance torque, and M7, denotes the fitting value of the
unbalance torque while the angular position turntable reaches 6, .

Inserting the measured data into the Eq. (22) and solving the equation enables to obtain
the MT,, b and MK values.

In order to find out the unbalance position from the figure, at least one period of the
variable €, should be plotted. A sketch map between M,, and 0, is plotted in Fig. 5 according
to the 36 group test data, which have been processed by the least squares fitting method.

AMT, maximum static
unbalance position
i e
\\\7\\\\‘\\\‘\\\\‘\\\‘\\\\‘\2\\‘\\\\‘1\=€i
0 :‘91 03 ‘20 @5 020 { 93(,

MI, :
" minimum static :

unbalance position

Fig. 5. A sketch map between M, and 0,.

According to the angular position 6, found from the fitting graph MT, ~ 0, , first the
angular position turntable is driven back to its original position, which is marked as the zero
point. Presently, the angular position turntable is driven again in the same direction as before
until it arrives at the position 6,. Then the angular position turntable is fixed. If the direction
of the angular position turntable is clockwise (or anticlockwise) in the previous measuring
process, on the end face of the measured gimbal, the unbalance position should be on the left
(or right) side of the horizontal diameter, while the load position should be placed on the right
(or left) side. Furthermore, the counterweight can be designed as follows:
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m—MTS 23
" R-g’ (23)

where m denotes the counterweight and R denotes the radius of the measured gimbal axis.

6. The test results and analysis

A simulator of the inertial stabilization platform is designed as shown in Fig. 6, which is
used to validate the effectiveness of the proposed method and estimate the precision of the
developed system.
concentric circle Cy

mounting hole

end face

concentric circle Cg

balanced

simulator )
rotation center

screw holes

Fig. 6. A sketch map of the balanced simulator.

The simulator has the same hardware configuration and electrical characteristics as the
outer gimbal of the inertial stabilization platform, and it is counterweighted and calibrated
before the measurement. There are two concentric circles C, and C, on the end face of the

simulator and their centres are consistent with the end face centre o. The radius of the
concentric circle C, is 5.10 cm, and the C, one is 3.50 cm. In order to load the clump weight

during the measuring procedure, there are 16 mounting holes distributed on the two
concentric circles. The 1th to 8th mounting holes are distributed on the circle C,, and the

other 9th to 16th mounting holes are distributed on the concentric circle C, .

6.1. The loading test

There is a mounting hole on the C,'s radius which is in the direction of 45.50° related to

the initial zero position. A 25.81 gram mass is imposed on this mounting hole to generate a
static unbalance torque of 12.91 mN-m . The angular position turntable is driven to every pre-
set position, so the total number of measurements equals to 36. For each angular position, the
angular position turntable is locked. After that, the measured gimbal is driven to do a

sinusoidal vibration in a small angle range and the angular rate of 4 = 2sin(0.50z¢) . The static
unbalance torque M,, is calculated from the Eq. (21) using the real time monitor data. The
results are listed in Table 1.
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Table 1. The test values of the static unbalance torque A, while the turntable reaches 6,.

i 1 2 3 4 5 6 7 8 9
6. [°] 0.00 10.00 | 20.00 | 30.00 | 40.00 | 50.00 | 60.00 | 70.00 | 80.00
MT, [mN-m] | 11.94 | 13.26 | 1385 | 1528 | 15,77 | 15.89 | 15.68 | 14.84 | 14.27
i 10 11 12 13 14 15 16 17 18

o, 1°1 90.00 | 100.0 | 110.0 | 120.0 | 130.0 | 140.0 | 150.0 | 160.0 | 170.0
MI, [mN-m] | 1291 | 11.08 | 9.23 713 5.26 2.83 053 | -1.03 | -3.35

i 19 20 21 22 23 24 25 26 27
o 1°] 180.00 | 190.0 | 200.0 | 210.0 | 220.0 | 230.0 | 240.0 | 250.0 | 260.0

MI, [mN-m] | -516 | -6.54 | -7.96 | -867 | -884 | -880 | -852 | -8.29 | -7.20

i 28 29 30 31 32 33 34 35 36
0. [°] 270.00 | 280.0 | 290.0 | 300.0 | 310.0 | 320.0 | 330.0 | 340.0 | 350.0

M, [mN-m] -5.61 -367 | -270 | -046 | 1.73 4.25 6.35 790 | 10.24

As previously mentioned in this paper, it is difficult to check the amount and the position of
the static unbalance torque from Table 1, so the data are inserted into the Eq. (22), and the
fitted result is

MT, =12.04sin(0, +44.20) +3.47 . (24)

According to the fitting formula, i.e. the Eq. (24), the fitted value of the static unbalance
torque is 12.04 mN-m , and the fitted phase is 44.20°. So, there is the torque error of
- 0.87 mN-m between the calculated value and the real (loaded) one. Also, the phase error
between the calculated and the really loaded one is —1.30°. It confirms a high accuracy of this
loading test. The measured and fitted results of the static unbalance torque are M, and MT,,,
respectively. They are plotted in the upper diagram of Fig. 7. The residual errors are shown in
the lower diagram; the maximum absolute value of ¢ is 0.64 mN-m. It is obvious that the
results presented in Table 1 and Fig. 7 are satisfactory, which shows a good effectiveness of
the method and a high accuracy of the measuring system.

) ) ) R —Q——F )
0 50 100 1500 200 250 300 350

L L L L 1 L
"0 50 100 1509 (o ]200 250 300 350
i

Fig. 7. The measured and fitted curves between A7, and ¢, .
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Because of the contingency, it is difficult to confirm the effectiveness of the proposed
method and to completely estimate the precision of the developed system with a single
loading test. So, two groups of loading tests were carried out, and their results are presented in
Tables 2 and 3, respectively. In the Tables m, denotes the loaded mass during the measuring

procedure, m7, , denotes the generated static unbalance torque by the loaded mass, 5

LoadN

denotes the orientation of the loaded mass. mr, denotes the test value of the loaded static
unbalance torque. b, denotes the test orientation of the loaded static unbalance torque, s

MIN

and ¢, represents the residual errors

oadN

denotes the residual errors between a7, and wmr,

oadN >

between 5, and b5,

oadN *
(1) The first group of loading tests
During each single loading test, a different mass m, is imposed on the simulator by one of

the mounting holes - located on the circle ¢, - to generate the static unbalance torque.

According to the method proposed in this paper, there are 36 test points in each loading test.
The results of 8 loading tests are listed in Table 2.

Table 2. The loading test of the static unbalance torque (The mass is imposed on the circle Ca).

N 1 2 | 3 | 4 | 5 | 8 | 7 | 8
The radius of the concentric circle Ca is 5.10 cm.
Load m, [gram] 15,53 | 2049 | 25.81 | 30.24 | 3563 | 40.16 | 4457 | 50.05
value |MT,,, [mN-m] | 778 10.25 | 12.91 1513 | 17.83 | 20.10 | 22.30 | 25.04
bppaay [°] 270.30 | 89.50 | 4550 | 224.80 | 180.50 | 314.50 | 135.10 | 0.20
Tested | M7y [mN-m] 9.01 9.13 1204 | 1434 | 1715 | 19.66 | 2256 | 25.12
value by [°] 268.46 | 91.02 | 4420 | 225.85 | 179.72 | 313.93 | 13558 | 0.56
Error S,y [MN-m] +1.23 | 112 | -0.87 -0.79 -0.68 -044 | +0.26 | +0.08
Opy [°] 184 | +152 | -1.30 | +1.05 | -0.78 -0.57 0.48 0.36

It can be seen from Table 2 that the maximum absolute value of Soin does not exceed
1.50 mN-m, and the maximum absolute value of S,y does not exceed 2°. In this paper, RMSE

is calculated and used to evaluate the effectiveness of the method and the accuracy of the
measuring system.

8
RMSEMFJ§2<M7;N—M7W>2 =07, @25)
N=l1

1 8
RMSE,,=\/§Z(1;N ~b,.n) =111, (26)
N=1

Generally, the static unbalance test systems, based on the principle of hydrostatic
supporting or optical adjusting, have the static unbalance torque errors no less than 10 mN-m

and the orientation errors no less than 20 . The loading test demonstrated the effectiveness
and a high accuracy of the measuring system.

(2) The second group of loading tests
For the second group of loading tests, the adopted mass m, is the same as for the first

group of loading tests, but it is imposed on one of the Cg's mounting holes in each single
loading test. Like before, the results of eight single loading tests are listed in Table 3.
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Table 3. The loading test of the static unbalance torque (The mass is imposed on the circle Cg).

N 9 [ 10 | 1 [ 12 [ 13 | 14 | 15 [ 16
The radius of the concentric circle Csg is 3.50 cm.
Load m, [gram] | 1553 | 2049 | 2581 | 30.24 | 3563 | 40.16 | 44.57 | 50.05
value |y7,  [mN-m]| 5.34 7.03 8.86 10.38 | 1224 | 1379 | 1531 | 17.18
bppaay [°1 270.30 | 89.50 | 45.50 | 224.80 | 180.50 | 314.50 | 135.10 | 0.20
Tested | M7, [mN-m] 7.32 5.37 7.32 11.72 | 1325 | 1293 | 1584 | 16.93
value by [°] 267.39 | 92.03 | 47.63 | 226.75 | 178.58 | 313.28 | 134.23 | 0.74
S,y [MN-m] +1.98 | 166 | 154 | +1.34 | +1.01 | -086 | +0.53 | -0.25
O [°] -2.91 +2.53 213 +1.95 | 157 | 1.22 | -0.87 0.54

Error

The values of rRMsE,,, and RMSE, calculated with the Eqs. (25) and (26) are 1.27 mN-m

and 1.88°, respectively. Compared with the values obtained in the first group of loading tests,
it is obvious that the RMSE values are greater. The reason is that in the second group of
loading tests the mass ,;, is imposed on the simulator in the mounting holes which are

located on the circle ¢, , and the radius of ¢, is shorter than that of ¢, .
In order to find out the change rules for the test errors 0 with different loaded masses m,,

and their locations, the test errors o0 listed in Table 2 and Table 3 are shown as absolute
values. Then, their relation is shown in Figs. 8 and 9, respectively.

2 3
—+—mass s distributed on C,, —— mass is distributed on C
—o—mass s distributed on C 250 —e—mass is distributed on C
1.5¢
£ —
Z -
: 1 [ _E 1.5 [
S =
< It
0.57
0.5
0 I I I Il I Il I Il O I I L Il
15 20 25 30 35 40 45 50 55 20 30 40 50
my [¢] my [g]
Fig. 8. The relation between 5, and m,, . Fig. 9. The relation between 5, and m, .

It can be seen from Figs 8 and 9 that - when maintaining the same distance from the
rotational centre - the values of s, and s, gradually decrease with the increase of the mass

m, which is imposed on the simulator. Similarly, when keeping the mass m, equal, the

obtained values of s, and s, are smaller for the mass locations farther from the rotational
centre of simulator. This exactly satisfies the regular pattern of the torque.

6.2. The repeatability test

In order to confirm the accuracy and stability of the proposed method, two groups of
repeatability tests were carried out. Both the clump weight and mounting hole are pre-selected
for every group of repeatability tests. M7, , denotes the generated static unbalance torque by

the loaded clump weight, 5, denotes the direction of the loaded clump weight, ar,
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represents the test value of the loaded static unbalance torque, 4 represents the test
orientation of the loaded static unbalance torque, 5 denotes the residual error between Mr,

and mr,,,,and 5, represents the residual error between b, and b,,,, .

(1) The first group of repeatability tests

A mounting hole is located on the C, circle in the direction of 45.50° related to the initial
zero position. A 25.81 gram mass is imposed on this mounting hole to generate the static
unbalance torque of 12.91 mN-m. According to the method proposed in this paper, there are
36 test points in each repeatability test. Ten repeatability tests are performed. Their results are
listed in Table 4.

Table 4. The repeatability test of the static unbalance torque (The number of test points is 36).
i 1 [ 2 | 3 | 4 [ 5 [ 6 | 7 | 8 | 9 [ 10
Load value by, =45.50", MT,,,=12.91 mN-m
Tested | & [°1 | 4669 | 4571 | 4383 | 4480 | 4675 | 4492 | 4534 | 4697 | 4558 | 44.89
value a7, [mN-ml| 12,07 | 1283 | 1303 | 1376 | 1278. | 1315 | 1290 | 1205 | 1321 | 13.89
Sy [°1] 1.19 021 | 167 | -0.70 | 125 | -058 | -0.16 | 1.47 0.08 | -0.61
S ImN-m] | -0.84 | -0.08 | 0.12 08 | -013 | 024 | 001 | -086 | 0.30 0.98

Error

During a repeatability test, the RMSE values are used to define the accuracy and stability
of the proposed method. They are calculated as follows:

10
RMSE,,, :\/%Z(MT.Y, -MT,,,)* =0.58, 27
i=1

10
RMSE, = %Z(h, —b,,.,)° =0.96 . (28)
i=1

It is obvious that the accuracy and stability of the proposed method are confirmed by the
results which are calculated by the Egs. (27) and (28).

In the first group of repeatability tests the number of test points is equal to 36 during every
test. Although the calculated RMSE values are very small, the test process takes a lot of time.
According to the theory of least squares fitting, in the case of the test data accuracy, the static
unbalance values of MT,, » and MK are fitted by a finite number or a large number test
point data. The difference of fitted results between them should be small. So, the second
group of repeatability tests is carried out.

(2) The second group of repeatability tests

During the second group of repeatability tests, the clump weight and mounting holes are
the same as in the first group. In order to save the testing time, the number of test points is
reduced to 18 during every repeatability test. In the same way, 10 repeatability tests are
performed and their results are listed in Table 5.
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Table 5. The repeatability test of the static unbalance torque (The number of test points is 18).

i 1 [ 2 | 3 | 4 [ 5 [ 6 | 7 | 8 | 9 [ 10
Load value b, =45.50°, MT,, ,=12.91 mN-m
Tested | & [°1 | 4653 | 4637 | 46.55 | 4505 | 4715 | 44.88 | 4432 | 4576 | 44.87 | 46.41
value |amr, mN-ml| 12,02 | 11.83 | 1271 | 1217 | 14.04 | 13.86 | 12.34 | 11.97 | 13.49 | 13.93
Error 0 1°] 1.03 0.87 105 | -045 | 165 | -062 | 118 | 026 | -063 | 0.91
O [MN-m|| -089 | -1.08 | -020 | -0.74 | 113 095 | 057 | -094 | 058 1.02

Based on the data listed in Table 5, it can be easily calculated with the Eq. (27) and (28),
that the value of RMSE,,, is 0.86 mN-m, and the value of RMSE, is 0.95°. Compared with the

values obtained in the first group of repeatability tests, the RMSE values are a bit higher, but
the test process duration is twice shorter. It can be concluded that the precision test value of
the static unbalance can be fitted with a small amount of test point data while the measured
gimbal axis is controlled to run a good state, and its status data are collected more accurately.
This method does not affect the static unbalance test accuracy, but also saves a lot of the
testing time.

Both the loading and repeatability tests fully prove that the proposed test method has a
good stability, and the developed static unbalance test system has a high testing precision.

7. Conclusions

The static balance condition and measuring sequence for each gimbal axis of the inertial
stabilization platform are obtained based on the analysis of the coupling effects caused by the
mass eccentricity. After analysing the dynamic model of the measured gimbal axis, a new
approach is proposed to test the static unbalance of the gimbal axis. Considering the
periodicity of the sine function, the static unbalance can be obtained by a multi-cycle
integration of the drive currents which are collected when the measured gimbal axis is driven
to do a small angle sinusoidal motion. A measuring system using this test method is also
developed. The NI Company multifunction card is used to perform the data acquisition and
processing in the developed measuring system, which not only reduces the design complexity
of the software and hardware, but also enhances the measurement accuracy. Finally, the
accuracy and stability of the method proposed in this study is confirmed by the experimental
results.

This paper not only develops a novel method to measure and poise the unbalanced gimbal
axis for the inertial stabilization platform, but also provides a new solution for measuring the
static unbalance rotor of another assembled machinery. This test method does not cause a
contamination of the device under test and also has a high environmental adaptability and a
high test speed. Because of the good characteristics, this method will be widely applied in the
engineering field.
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