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Attitude control strategy for a camera stabilization platform

Franz Konigseder?®, Wolfgang Kemmetmiiller>*, Andreas Kugi®

% Automation and Control Institute, TU Wien, Gusshausstr. 27-29, Vienna, Austria

Abstract

In this paper, an attitude control strategy for a 3-axis gimbaled platform used for the stabilization of film
and broadcast cameras is presented. The attitude control strategy for the camera provides an alignment
of the camera’s line of sight with a desired attitude, independent of the movements of the platform base.
This control objective is achieved by a combination of a feedforward compensation of the disturbances
induced by the moving base (the operator) and a feedback control of the orientation of the camera. The
required attitude information is obtained by an attitude estimation strategy presented in [1] that fuses the
measurements of two inertial measurement units. The derivation of the proposed control law utilizes a
number of approximations tailored to the considered application. This allows to obtain an efficient but yet
accurate attitude control concept. The very good accuracy and the practical feasibility of the overall control
strategy are demonstrated by simulation and measurement results of a prototype platform.

Keywords: attitude control, inertially stabilized platform, camera stabilization

1. Introduction

Camera stabilization is applied in film and broadcast productions to avoid distractions of the line of sight 1
of a dynamically moved camera. A growing use of camera stabilization systems can be observed that goes 2
along with the demand for increasing accuracy and higher flexibility in operation [2, 3]. The main requests s
are a small and light structure that can be applied in various settings and the capability to turn the camera  «
in any desired direction independently from the motion of the carrier. 5

Basically, the various approaches for camera stabilization can be divided into passive and active systems. 6
A state-of-the-art passive stabilization of the camera carried by an operator is the steadycam [4]. This
system is composed of a pole that has a mount for the camera at the top and counterweights at the bottom. 8
Due to the high inertia of the system and a spring-loaded link to a harness of the operator, the camera o
is decoupled from the (fast) movements of the operator. Another widespread method for passive camera 10

stabilization is to mount fast rotating momentum wheels to the camera [5]. u
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12 Active systems do not have the disadvantage of additionally attached masses and the limited work space
13 due to mechanical constraints. In [6], inertially stabilized platforms (ISPs) are introduced that are typically
11 assembled in the form of actuated gimbals. In the case of three nonparallel joints, the orientation of the
15 camera mounted on an ISP is fully controllable. Since very lightweight constructions exist for these systems,
16 they are often utilized in airborne applications. A system with a double-gimbal is described in [7], which is
v designed for aerial imaging and visual object tracking. In [8], an inertially stabilized double-gimbal airborne
18 camera platform is presented that is applied to image based pointing and tracking.

19 Another field of application for ISPs is the stabilization of mobile antennas. Here, the task is to point a
» mobile vehicle based antenna to a satellite in order to establish a link for data transfer. In [9], a survey of
2 stabilized satcom antenna systems is given and in [10], a ship-mounted satellite tracking antenna is presented.
2 The sensors used in ISP technology are typically gyroscopes measuring the angular rate in the inertial
2 frame and encoders for position measurement of the joints angles [11]. With these measurements, a control

2« loop for camera stabilization can be applied utilizing a control law of the form [12-14]
r=K,J 'Aw, (1)

»  with a positive definite matrix K,,, the manipulator Jacobian J of the ISP and the error of the angular
» velocities Aw. This approach can be found in numerous applications because of its simple structure. The
2 drawback of (1) is that it does not provide absolute adjustment of the camera in the inertial frame and it
2 is unfeasible if the manipulator Jacobian J becomes singular.

2 The control of the absolute orientation of a body is known as attitude control problem [15] in literature.
» It is primarily investigated in aerospace applications because of its importance to the navigation of aerial

a vehicles, see, e.g., [16]. In the attitude control problem, a feedback law of the form
T = kpt — kyAw, (2)

22 with the positive scalar controller parameters k,, k,, the vector part of a quaternion error r and the error
13 of the angular velocities Aw, is typically utilized. For instance, this approach is applied to a quadcopter
3 in [17]. In [18], a quaternion feedback law for attitude control of a micro satellite is obtained from inte-
55 grator backstepping. In [19, 20], it is shown how a quaternion feedback controller can be designed without
s measurements of the angular velocities.

37 In all contributions of the attitude control problem mentioned so far, the orientation of a single body
s is stabilized by assuming that the torques acting on the body can be directly applied. In a real stabiliza-
3 tion platform, the inertia of the components of the gimbaled platform cannot be neglected such that this
40 assumption is more or less violated. Including the inertia yields a multi-body control task. Up to the au-
a thors’ knowledge, there is no systematic extension of the attitude control problem (2) to multi-body systems
2 reported in literature and there does not seem to be an application of the attitude control problem to ISPs.

2
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According to the classification of control strategies in [21], the control laws (1) and (2) are direct stabi- 4
lization strategies, which are characterized by utilizing a measurement of the camera’s actual movement. In =
contrast, the indirect stabilization approach achieves stabilization of an ISP by a feedforward compensation
of the measured disturbance motion of the ISP base. In [22], the indirect control is applied for stabilizing a 4
manipulator with a forced non-inertial base. a7

In this paper, a control strategy for the stabilization of a 3-axial ISP is introduced that combines a 4
feedforward compensation of the disturbances with a feedback control of the camera’s absolute orientation. 4o
The proposed controller constitutes a novel approach to ISP stabilization, which extends the well known s
position control using inverse dynamics (computed torque), see, e.g., [23, 24]. 51

In Section 2, the platform is introduced and models for the kinematics and dynamics are derived. More- s
over, the attitude estimation strategy of [1] is briefly summarized. The derivation of the control strategy is =
given in Section 3. Section 4 shows the analysis of some specific features of the control strategy by means s
of simulations. Finally, the control accuracy and the practical feasility of the overall control strategy is s

analyzed by measurements on a prototype platform in Section 5. 56

2. System description 57

Figure 1: Photo of the prototype platform.

In Fig. 1, a prototype of the platform under consideration is depicted. The sketch of this setup in Fig. 2 s
shows that the ISP comprises three gimbals pi, p2, ps and the platform base pg. The camera is attached to s
ps, while the base pg is carried by the operator. The bodies p,, n =0, ...,3, are linked by three rotational e
joints which are actuated by direct-drive brushless dc (BLDC) motors. The joint angles q = [q1,¢2,q3]7 &
define the actuated degrees of freedom (dof) of the platform. In the experimental setup, the base py of the e

ISP can be mounted on a suspension, which has the two rotational degrees of freedom ¢ and ¢, see Fig. 2.

3
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s« Each joint is equipped with a high-resolution encoder measuring the actuated dof q and the disturbance

motion represented by v and ¢.

Figure 2: Sketch of the prototype platform.

65

66 In real application, the base py is moved by the operator and thus has six dof. Two inertial measure-
& ment units (adis 16480 and adis 16485, see [25, 26]) are used to measure the motion of the platform with
¢ respect to the inertial frame (Iz;yrzr). They provide inertial measurements of the angular velocity and the
s translational acceleration by means of their integrated 3-axial gyroscope and 3-axial accelerometer. In this
70 paper, a combined feedforward disturbance rejection and feedback control strategy is derived in Section 3.
n For this task, it proves advantageous to mount an IMU on the base pg (IMUO) and one on the position of
2 the camera ps (IMU3), see Fig. 2.

1 2.1. Platform kinematics

7 According to the model in [1], the inertial orientation of the camera r:} is described by the unit quaternion
3
TT,0
3 3
3 |TTxa TT0 cos (§) 3
ry = - _3 - . ’ ( )
7.9 ry nsin (%)
3
T3

5 ||r3|]2 = 1, which defines the rotation of the body-fixed frame (3z3y323) of p3 with respect to the inertial
7w frame (Izryszr), see, e.g., [27, 28] for the basics on quaternion notation. The quaternion r? is defined by the

7 orientation r? of the body po with respect to the inertial frame and the relative rotations of the body-fixed

4
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frames (nTnynzn), n =1,...,3, of the three gimbals. 78
5 T
ry = {cos (), sin(%), o, O} (4a)
T
r? = [cos (%2) , 0, 0, sin (%)} (4b)
T
rh=[cos (%), 0. sin(%). 0] . (4c)
the composition of (4) and r9 gives 79
f=rlerpereors=rtor. (5)
Therein, ® denotes the quaternion product, see, e.g., [27, 28]. 80
The orientation r% of the base pg is defined as 81
cos (¥) cos (%) cos ()
0 sin (2 0
ry = o™ g : (6)
0 0 sin (g)
sin (%) 0 0

with the angles ¢, 6, 1. In the experimental setup depicted in Fig. 2, the angle 0 is fixed to § = /2. =
Furthermore, the specific configuration of the platform shown in Fig. 2 is defined by q=0and y = ¢ =0, &

which yields 8
3 0 T
ry=r; = [cos (w/4), 0, sin(r/4), O] . (7)
The relative angular velocities are given by 85
23 T
wi = [43,0,0] (sa)
T
wéz = |:07 07 q2i| (8b)
01 T
' = [0.41.0] - (80)

Here, the superscript 23 indicates the angular velocity of the body-fixed frame (3z3y323) relative to the body- e
fixed frame (2z2y222) expressed in the frame (3x3ys23) (subscript 3). An analogous notation is utilized for &

the other quantities in this paper. With (4) and (8), the angular velocity of the camera in the inertial frame

can be written as 8
wid = RIwl® + Riwi! + Riwi? + w?. (9)
The rotation matrices R, n € {10,01,12,23}, are obtained from the corresponding quaternions, see, e.g., 9
5
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o [27, 28]. Finally, the rate of change of the quaternion r? with respect to time is formulated as

. 1
= 59 (wéS) r

0 _wé,gac _w?{,gy _w?{,gz
il 0 Wl el (1)
2 wédy —wg?z 0 wfz r
w?{,gz w?{,gy _w‘g,gx 0
%2 In real application, the translational dof of py are defined by the motions of the camera operator. They

10
I,x»

o are described by the vector pi® = [p1%,p[",,pi%]" from the origin of the inertial frame (Izryrzr) to the
s origin of (0zyozo) (superscript 10) expressed in the inertial frame (subscript I). Since the body-fixed frames
s (NTpYnzn), n =0,1,2,3 are chosen with coincident origins in the point of intersection of the axes of rotation,
o pi0 =pll = pl? = pl3 holds true, see Fig. 2.

o7 In total, the platform has three actuated dof q = [q1, g2, ¢3]7 and six dof defined by the movement of pg
¢ by the operator. These dof are described in the form q; = [(r(})T, (pfo)T]T € R7, where the quaternion r‘I)

o describes the attitude and pfo is the position with respect to the inertial frame.

w  2.2. Platform dynamics

101 For the derivation of the platform dynamics, it is assumed that the attitude and position of the base
12 po described by q; is determined by the camera operator and thus is independent of q. Therefore, q; can
103 be considered as a time-varying parameter in the subsequent derivations. The equations of motion of the
104 system are derived by the Euler-Lagrange equations, utilizing the kinetic energy T and the potential energy
ws V), see, e.g., [29, 30] for the application to manipulators on a forced non-inertial base. The system’s kinetic

106 energy reads as

(1)
T
(wi) RIL.( 7>Tw§0">,

17 with the mass m,, and the moment of inertia I,, of the body p,. The angular velocity wa" and the

108 translational velocity vfc”' are defined in the center of gravity C, of body p,, with respect to the inertial

wo  frame (Izyyrzr). They can be expressed with the manipulator Jacobian J fC" in the form

Ic, : c, ICy :
Wi _ ICau al| (I g q (12)
=J! = .
ic, . IC, IC, .
Vi qr JI,v ']I,’UI ar

uo  Utilizing (12) in (11), the kinetic energy can finally be written as
1. T - T s 1. T -
T=54 Da+q Eqr+ 54; Far, (13)

6
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with 111

3

Dia = (ma (315) 31

n=1 (14a)
T
(35%) Ry <R?>TJ§Z")
3 T
1Cy 1Cy,
B (@) =3 (ma (319) 915
n=1 (14b)
T
(315" Ry, ()" 91 )
3 T
Plaa) = (m (315) 915+
n=1 (14c)

Iwr Iwr

(37 )T R7L, (R})” JiCn ) .

Therein, J fg“ and J f(i“ describe the manipulator Jacobian of the velocity and angular velocity, repectively, 12
of the center of gravity of body n, n = 1,...,3, with relative to the inertial frame. The potential energy is 13
given in the form 14

v—fj(mn 0. 0. g pi™). (15)

with the position pfc" of C, in the inertial frame and the gravitational acceleration g. The platform us

dynamics, obtained by the Euler-Lagrange equations, then reads as 116

Ta=D(q)q+C(q,q)q+E(q17) s+ (16)
T (q,4,ar,ar)ar +g(q,r7) +75(a),
with the torques 7, of the BLDC motors, the generalized mass matrix D (q), the Coriolis matrix C(q,q) ur
and the vector g (q7 r?) of torques due to gravity. The parts E (q7 r?) ds; and I' (q,q,4qrs,qr) qr describe the 1
influence of the forced motion of the base. 119

The friction torque ¢ (q) is mainly caused by the friction in the bearings of the BLDC motors and the 12

joints. This friction is described by a static model of the friction torques 7f = [741, 72, Tf,3] in the form 121
Tfn (qn) = Un(jn +cn tanh (anqn) ; n= 17 27 37 (17)

with the viscous friction coefficient v,, and the Coulomb friction coefficient ¢,,. To obtain a continuous 12
model, the Coulomb friction is approximated by tanh (o, ¢ ), where v, is used to influence the shape of the 12

approximation, see, e.g., [31, 32]. 124

2.3. Inertial measurement 125
Accurate measurement of the attitude of the platform is decisive for a high control accuracy. In the 12

considered system, two IMUs (IMUOQ, IMU3) are mounted on the platform, i.e. on py and ps, respectively. 1
7
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s They provide the gyroscope measurements (IJfL” and accelerometer measurements a‘", n = 0, 3. In addition,
1o each actuated dof q is measured by a high-resolution (18 bit) rotational encoder.

130 For this platform, an attitude estimation strategy was introduced in [1], which considers the same setup
1 of the platform as in this contribution. The presented attitude estimation strategy utilizes extended und
12 unscented Kalman filtering to calculate the orientation £9 by a fusion of the measurements G)fL", al" n=0,3.
133 Experimental results show that a very accurate estimation is obtained by the fusion of the measurements of
1 the two IMUs utilizing a tailored multiplicative extended Kalman filter (MEKF). In particular, a significant
135 improvement in comparison to using only a single IMU could be obtained.

136 The MEKF designed in [1] is utilized in this paper to estimate 9 and its time derivative f'(} Furthermore,

137 the orientation of the camera

7 =y @1 (q1) ©r] (q2) @13 (g3) (18)

s is obtained by utilizing the encoder measurements q.
139 The additional measurements of 1) and ¢ of the suspension in the experimental setup are used in Section 3

1o for the verification of the control accuracy.

m 3. Control strategy

192 The control objective is to control the line of sight of the camera described by r? to a desired orientation
143 r% 4-Which is defined by the camera operator, e.g., via a joystick, independently of the base motion. For this
1 task, a feedforward compensation of the disturbances is combined with a feedback control of the camera

us orientation.

us  3.1. Feedforward compensation

17 The feedforward compensation part T({f of the control input aims at compensating all undesired parts
1 in the dynamic model (16). Assuming complete knowledge of the system states and the disturbances, the

u feedforward part would read as
7}/ =Cq+Eq; +Tq; +g+ 7. (19)

150 In practice, however, the orientation r9 and the friction torque 7 have to be replaced by their estimated
s values #9 and 7 1, respectively. To compensate for E (q, r?) s, exact knowledge of % and f)fo would be
12 required. While an estimated value of f)fo can be obtained by the measured accelerations a° of IMUO in

13 the form f)fo ~ R(}ééo — g1, it is not possible to obtain a meaningful approximation of r? Thus,

E (q.r}) dr ~ E¢ (q,19) (39560 - gr) : (20)
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with the vector of gravitation gr = [0,0, —g]7, is used in the feedforward disturbance compensation. Here, 15
E; corresponds to the translational part of E. Finally, Cq and I'q; are small in comparison to the other 1ss

terms and can therefore be neglected. Thus, the overall feedforward compensation reads as 156
T}/ =B (q,19) (ﬁ?ééo - gf) +g(a8)) + 7. (21)

3.2. Feedback control 157

In order to stabilize the tracking error in case of model inaccuracies and to reduce the errors due to the 1ss

simplifications in the feedforward compensation, a feedback control strategy in the form 150

" =D (q) (A&, — Age,), (22)

a

with the tracking error e, = q — qq, its time derivative €, and the positive definite diagonal matrices A, 160
Ay, is used. 161

This formulation of the feedback control law has the drawback that for determining the desired orientation 12
qq the inverse kinematics has to be calculated, which is rather complex. More important, the main control 1
task is to stabilize the camera, i.e. to control the platform such that the actual camera orientation r3 is 1
equal to the desired orientation rﬁ” 4- Thus, feedback of the error e, = £ — r% 4 between the measured and 1
the desired orientation is more meaningful. 166

The camera orientation r3 is given by the nonlinear relation between the actuated degrees of freedom q 17

and the orientation r(} of the handle in the form 168
ri=rier)="f (qr1}). (23)

Accordingly, the desired camera orientation can be written in the form r% q =t (qd, r?). Assuming small 160

errors €4, the following approximation holds 170
. of,
r‘;,d ~ I (qv I‘?) - 07(; (q7 I‘?) eqa (24)
—_————
Jr(q,r(})

where J,. denotes the Jacobian of f. with respect to q. With this result, the camera orientation error in

e, =15 — r?d is related to e, in the form 172
e, =J,(q, r?) eq. (25)
The corresponding time derivatives of the actual and desired camera orientation read as 173
= S (arf) a+ 55 (axf)if (262)
i} = g% (aa,19) aa + % (qq, 1Y) 9. (26b)
9
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w  Assuming again a small error e,, the approximations J, (q,r9) ~ J, (qq,r}) and

of, 0 of, 0
—_— N — 2
" (q, I'I) o0 (qdvrl) (27)
s are feasible and thus
e =J, (Q7 r(I)) € (28)

16 holds.

w Remark 1. The Jacobian J,. has independent columns in every configuration q except for the singular
ws  configuration, which occurs for qo = +mw/2. The singular configuration is, however, not admissible in the

o real setup and thus irrelevant for the practical operation.

180 Given the Jacobian J, with full column rank, the following result is obtained from (25) and (28)
eg = (373,) " 3Te, = Ae, (29a)
ég=(373,) 7 3T, = Aé,. (29b)

w1 The overall control input 7, is finally given in the form 7, = 71 + 7/ with 7f/ and 7f* from (21)
w2 and (22), respectively. Note that in the real application, the quaternions r(} and r? are replaced by their

s estimated values £9 and 2, respectively. Figure 3 depicts the scheme of the overall control strategy.

0

Figure 3: Scheme of the overall control strategy, composed of the estimation of the camera orientation CO, the inertial
measurement IM, transformation of the control error TR according to (25) and (28), the controller R according to (21) and

(22), and the camera stabilization platform P.

e Remark 2. Using the control law (21), (22) in (16), the dynamics of the closed-loop system can be written

15 in the form
D(q) (& + A1é,+ Apey) =1 (30)

10
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with 186

77:_D(Q)Qd_C(q’Q)q_F(Q»%QI:QI)QI—

E: (q,8)) (RYal’ — 1) + 77 — 7.

Clearly, the closed-loop system (30) is exponentially stable for § = 0 and positive definite diagonal matrices e
Ay and Ag. Further, n is bounded if 'I"?, f)fo are bounded and the terms Cq, I'qy are small in the considered  1ss

application. Following the lines of [33-36], also boundedness of e, can be concluded. 189

4. Simulation results 190

In this section, simulation results of the proposed attitude control strategy for the camera stabilization 1a
platform are presented. The main objective of the simulations is to evaluate the simplifications made in the 1
controller design and their influence on the control accuracy. Thus, an ideal actuation of the platform, ideal 10
sensors and the exact knowledge of the orientations r?, r? are assumed, i.e., inaccuracies due to erroneous 1w
estimations f‘? and f‘? are not considered. The practical feasibility of the proposed control concept will be 105
studied later by measurement results, which, as a matter of fact, incorporate all these neglected effects. 196

The simulation model in MATLAB/SIMULINK covers the control law (21), (22) and the complete equations 107
of motion (16). The parameters of the platform are given by geometry and material data and are identified 10
for the prototype platform shown in Fig. 1. The main system parameters, including the camera mounted 1%

on p3, are summarized in Table 1. The controller parameters are chosen to Ay = diag[10,10,10] and 20

Ay = diag[0.13,0.13,0.13], and the controller is implemented with a sampling time 75 = 1 ms. 201

object mass length width height

p1 1.513kg 335mm 320mm 120 mm
D2 0.726kg 267mm 120mm 335 mm
3 0.183kg 250mm 100mm 106 mm

camera 2.2kg 230mm 100mm 100 mm

Table 1: Geometrical and mechanical parameters of the prototype platform and the camera mounted on p3.

The inputs of the simulations are the forced dof q; and the desired orientation r% 4 of the camera. In 2
the simulations, a combined change of the orientation r$ and the position pfo, as well as of the desired 203
orientation r?d is examined. Fig. 4 shows the corresponding simulation inputs, where in Fig. 4a), the oo
parameterizing angles ¢, 6 and 1 of r? are depicted, cf. (6). Furthermore, the desired orientation r% g 18 205
obtained from the desired angular speed w§3d given in Fig. 4d). Note that the chosen motion of the forced 20

dof is in the range of the fastest motions, which can be expected in the real application. 207
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Figure 4: Simulation inputs: a-b) rotation and translation of body pg, c-d) desired orientation r

body p3.
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The resulting actuated dof q are depicted in Fig. 5 together with the control error e,.. Since an evaluation 20

of the control accuracy based on quaternions and e, is rather difficult, Fig. 5 additionally shows the errors 20

in the angles «, 8 and « which parameterize the orientation r3 of the camera in the form 210
cos (%) cos (2) cos (3)
) 0 0 sin (2
r} = ® ® ) (32)
sin (%) 0 0
0 sin () 0

Therein, the angles «, 5 and « are calculated by the inverse kinematics analogously to [37]. It can be seen  ou
from this plot that a very high tracking control accuracy in the range +0.3° is obtained in this idealized 1
simulation scenario. The plots of the errors in the angular velocities wi? — wi? confirm this result and s
further show a rather smooth tracking without introducing undesired vibrations. 214

The control input 7, is presented in Fig. 6a). The feedforward part Tgf of the control input (21) can be 25
split into 7/ = 7, + Tg+Tf, with 7. = E; (R?ééo — gI), T4 = g and the estimated friction torques 77. s
It is evident from Fig. 6b-d) that the gravitational part 7, and the dynamic part 7. are considerably larger v
than the friction torque 7. Note that this low level of friction is obtained by using direct drive brushless 2
dc-motors for the actuation of the platform. 219

The feedback control part Tgb allows to draw conclusions on the feasibility of the approximations which 22
were used in the derivation of the feedforward control strategy, i.e. on the size of 17 in (31). It can easily be 2z
seen from Fig. 6e) that only a rather small control input is necessary to cope with these errors. This allows 2
to conclude that the simplifications made during the controller design are practically feasible and only have 22
a minor influence on the closed-loop system. 24

To analyze the benefit of utilizing the nonlinear feedforward part 7{/ according to (21), the control s
strategy with feedback control part only (i.e. 7/f = 0) is simulated for the same simulation inputs as 2
given in Fig. 4. The results depicted in Fig. 7a) show a drastically increased attitude error, which clearly 2
indicates the advantage of utilizing the proposed feedforward part. While it would be theoretically possible 2
to decrease the error by increasing the controller parameters A; and Ag, this would also increase the influence 220
of measurement noise and thus is not feasible for practical application. 230

In a further simulation, the behavior of a conventional control strategy similar to (1) in the form 7/% = 2
Al.]gfj (wé?d - wﬁd) is utilized instead of (22), where Jg% is the manipulator Jacobian of the angular »
velocity of Cj relative to the body 0, described in the body-fixed frame (3x3y323). Since the last simulation 23
already showed that neglecting the feedforward part 74/ drastically decreases the control performance, this 2
conventional feedback strategy is combined with the feedforward control strategy (21). Fig. 7b) shows the 2
control accuracy for this case, where the controller parameter A is chosen approximately 20 times the value 23

utilized for the proposed feedback control (22). Even for this rather large value, which will not be feasible 2
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Figure 5: Simulation results: a) actuated dof q, b) orientation error e, c) corresponding error in the angles and, d) error in
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28 for practical application due to the resulting amplification of measurement noise, the conventional feedback

29 control strategy is clearly outperformed by the proposed feedback control strategy.
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Figure 7: Simulation results: a) control accuracy without feedforward part r({f = 0 and b) control accuracy for conventional

feedback strategy.

240 The proposed control strategy is based on the mathematical model of the system and assumes accurate
21 knowledge of the system parameters. In real application, in particular the mounting position (center of
22 gravity) and the mass of the camera might not be perfectly known. Simulation results with an assumed
2«3 maximum error of 10% in both the position and mass of the camera proved the robust stability of the
s proposed control strategy. The control accuracy, however, is slightly decreased with a maximum error of
25 approximately £1° for a similar experiment as in Fig. 4. Further analysis shows that the main reason for
26 the reduced control accuracy are the errors in the mounting position of the camera in the center of gravity.
27 This parameter error could be reduced by a calibration, e.g., by identifying the center of gravity of the

248 camera.

20 5. Measurement results

250 While the simulation results allow systematical analysis of the influence of the simplifications made in
1 the course of the controller design, the practical feasibility is proven by measurements on the experimental
2 setup depicted in Fig. 1. As described in Section 2, the setup comprises the fully actuated platform and
53 the suspension. An electronic control unit (ASPACE DS1401) is utilized to evaluate the sensor data and to
s calculate the attitude estimation algorithm of [1] and the control law (21), (22) at a sampling time of 1 ms.
s A power electronics unit is provided for each BLDC motor, which utilizes field-oriented torque control to
6  realize the torque 7, of the attitude control strategy.
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257 In the present experiment, the camera operator defines the desired orientation r?d of the camera and
»s  induces a disturbance motion pg by manipulating the suspension of the platform by hand. Due to the
0  mechanical constraints of the suspension, the induced motion is given by the measured dof ¢ and v, see
%0 Fig. 8a). The angular velocities JJ(I]O of py and the measured accelerations &° obtained by IMUO are
s depicted in Fig. 8b)-c). Here it can be seen that the large acceleration in z-direction is due to gravity
%2 and the acceleration in y-direction corresponds to the centrifugal acceleration due to the motion of the
»%3  suspension. The desired orientation r% 4 is defined by integration of the angular velocities w§?d given in
i Fig. 8d) and the initial orientation r} ; ; = [cos (45°) ,0,sin (45°,0)]", cf. (10).

265 To suppress the motion of pg and obtain the desired orientation r%d of the camera, the control input
w6 T4 depicted in Fig. 9a) is calculated by the control strategy. The resulting motion of the actuated dof q is
27 given in Fig. 9b).

268 The control error e, shown in Fig. 10a) accounts for the error between the desired orientation r:;, 4 and
20 the estimated orientation r?. It can be seen that a very good tracking accuracy is obtained by the proposed
a0 control strategy. The overall orientation error of the camera, however, is increased by the error of the attitude
on - estimation strategy. The measurements of the angles of the suspension ¢ and i allow to calculate the actual
o orientation r? of the camera in the experimental setup, by using # = 90° and the encoder measurements q
as in (5). Thus, the overall attitude error r% 4 — I of the camera can be calculated and parameterized by the
o angles «, B and v, see Fig. 10 b).

275 To evaluate the attitude estimation error of pg, Fig. 10 ¢) shows a comparison of the measured angles ¢,
a6 1 and @ of the suspension with the corresponding estimated values. It is evident from this figure that the
a7 overall attitude error of the camera is largely influenced by the error of the attitude estimation strategy. In
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particular, the slow drift in - results from the drift of the attitude estimation in this axis, cf. the drift of v
in Fig. 10 ¢). As the axis of rotation of 4 points into the vertical direction in this experiment, this drift is o
explained by a bias error of the gyroscopes in the IMU. It is discussed in detail in [1] that this drift cannot 2
be completely eliminated by the given sensor setup due to a lack of measurement information around this 2
axis. A slow drift does not constitute a major problem in the given application, since typically no static s
scene is filmed and it can be easily compensated by the camera operator by changing r% 4- It is far more 2
important from a practical point of view (i.e. filming of a dynamic scene) that there are no significant fast s
motions in the camera attitude. Fig. 10 b) confirms that the combination of the proposed control concept s
and the attitude estimation of [1] gives very good results in this respect. This is also confirmed by the error 2
between the desired angular velocity w?{?d of the camera and the angular velocity (Lv§3 measured by IMU3 2

depicted in Fig. 10 d), which lies in the range of the measurement accuracy of IMU3. 288

6. Conclusions 289

In this paper, a control strategy for the attitude control of a portable inertially stabilized platform (ISP) 20
for film and broadcast cameras was proposed. The presented control strategy provides an alignment of the 2
camera with a desired orientation such that movements of the operator who carries the ISP do not distract e
the line of sight of the camera. At the same time, the desired orientation of the camera can be changed by 203
the operator. The control strategy is based on an attitude estimation of the camera orientation presented 20
in [1], which uses the measurements of two inertial measurement units (IMU). The specific placement of 205
the two IMUs on the handle and the camera mounting point of the ISP is beneficial for the presented 20
control strategy. The control concept combines a feedforward compensation of the induced disturbances 20
and a feedback control of the deviation of the attitude. It systematically takes into account the (nonlinear) 20
dynamics of the overall (multi-body) system, which, up to the authors’ knowledge, has not been utilized 20
for the attitude stabilization problem by gimbaled platforms so far. Simulation and experimental results s
show the advantage of taking into account both a feedforward and feedback part in the control strategy. s
In conclusion, the attitude stabilization concept shows a significant improvement in comparison to existing 3o

solutions. Currently, the results of the prototype system are transferred to obtain a commercially feasible 30

system. 304
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