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Abstract:

It is relatively straight-forward to derive comprehensive dynamics block diagrams for two- and three-axis
balanced stabilized platforms. But trying to do it for four and higher order systems is getting rapidly such an
amount of work, and the resulting block diagrams so extensive, that sensible simplification from the start if
feasible could be very beneficial. Those terms that are going to be insignificantly small relative to the other
terms should be left out right from the start when deriving the equations. In this paper a method is shown to
simplify the dynamics model of stabilized platforms, with the four-axis platform as the main example. The
relevant equations are derived for the four-axis example, the block diagram is compiled from the equations
after adding simple control loops around the dynamics model to get to the final expanded block diagram, and
then some simulation results are shown. The method is validated by showing that the simulation results for a
three-axis system are exactly the same for the comprehensive and simplified block diagrams, using the same

method. It is proposed that it is therefore reasonable to expect similar findings for the four-axis case.
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Introduction:

Various sorts of cameras could typically be mounted on stabilized platforms to give much improved quality
images. It would provide stabilization against rotational movement of the base as for example naturally
experienced during linear movement of the base (land craft or aircraft or overhead sporting camera mounts).
References [1] and [2] give very good overall views of major issues in stabilized tracking design. Designing such
platforms requires proper dynamics modelling of the mechanical configurations. It is not difficult to find the
typical relevant equations to represent the dynamics — references [3] and [4] are typical examples, but
converting them to sensible block diagrams to assist in simulations and to more easily “see” what is happening
is not that readily available. So this paper contains block diagrams, being derived from basic dynamics
equations such as given in reference [5], but the main purpose of the paper is to demonstrate a method to

develop simplified but still valid block diagrams.

A three-axis example:

To demonstrate the possible validity of the simplification method to be given in this paper, it is first
demonstrated with a three-axis stabilized platform. The derivation of the equations for the three-axis case is
not going to be given here — only the definitions, the reasoning for ignoring certain terms, a block diagram
including control loops and then simulation results. The block diagram will clearly indicate the comprehensive
and simplified models. The results will show that for a suitable test scenario the simplified dynamics model
gives the same results as the comprehensive model. If the latter results are indeed very similar, it will be

assumed to be valid to apply the same method of simplification to four- and more-axis stabilized platforms.

Of course different configurations are possible for the three-axis case. But the demonstration is going to be

done on a specific chosen example. The assumption is that other configurations will give similar results.

An outer to inner yaw-pitch-roll configuration was chosen. It is assumed that the control loops in the end will

provide good stabilization of the platform in roll, yaw and pitch as made possible by the three axes.

Nomenclature for the three-axis case:

From outer to inner, these are the Euler angles and subscripts to be used:



‘B’ will be used as subscript for the base.

U is the yaw angle between the base and the outer yaw gimbal — ‘yaw’ will be used as subscript.

0 is the pitch angle between the yaw gimbal and the pitch gimbal — ‘pit’ will be used as subscript.

¢ is the roll angle between the pitch gimbal and the platform to be stabilized — ‘rol’ will be used as the

subscript.

w denotes inertial angular rate.

X, y and z correspond basically to the axes about which roll, pitch and yaw rotations happen respectively.

The following picture should clarify the configuration and the symbols.
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Figure 1. Three-axis configuration

Small/large signal distinction for three axes:

Because of the assumptions above, the following distinction between potentially large and small signals can be

made.
Table 1. Small/large signals for three-axis configuration
Wirol wyrol Wiro/ wxpit wypit wzpit wxyaw wyyaw wzyaw
Small v v v v v v
Large v v v




Because it is assumed that the stabilization is going to be good, disturbance torques can be ignored that

contain multiplication with any of the signals in this table that are classified as ‘Small’.
Block diagram and simulation results for three axes:

This leads to comprehensive and simplified block diagrams. The simplified block diagram is the same as the

comprehensive one but with all blocks coloured with grey omitted — see the first block diagram to follow.

By looking at the increase in disturbance torques when modelling the dynamics of the three axes from the
inner axis to the outer axis as represented in the comprehensive block diagram, an idea can be formed how

expanded comprehensive four- and five-axis platforms models would be.
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Rather simple stabilization loops are added in the block diagram to follow, with representing

feedback from gyros mounted on the platform, measuring Wyro; , Wyre; and W,y - A proportional controller
and one lead compensator close each loop. The command inputs to the three loops are zero because the
intention of the loops is to control Wyyq; , Wy @and w4 at zero despite the base motions wyp , wyp and
w,p applied to the system. They are applied one after the other but overlapping as shown in the first graph
below. Their amplitudes are 1.0 rad/s and their frequencies linearly increase from 1.0 Hz to 50.0 Hz. In the

later graphs they will be shown on top of one another simply because many other signals must be shown on

the same graphs.
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Figure 2. Applied base motions

The amplitudes of the measurements Wy, Wy and w,,,; are indications of the quality of stabilization —
the smaller these signals the better the stabilization. w,,,; is significantly larger than w,;,; and w,,,; ascan
be expected from such a three-axis system. It will later be seen that the four-axis system provides much better

stabilization with basically the same control loops, but that aspect is not the focus of this paper.

The initial yaw, pitch and roll angles, ¥, 8 and ¢, were set at 45° to prevent some disturbance torques to be
very small because of small angles. If some disturbance torques were small because of small angles it would

have defied the validation of the simplification proposed here.

Remember: In the block diagram below the simplified block diagram is the same as the comprehensive one but

with all blocks coloured with grey omitted.
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Figure 3. Comprehensive and simplified block diagram of three-axis yaw-pitch-roll



The results for the comprehensive and simplified models are shown below, demonstrating that the proposed

simplifications are valid since the results are identical.
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Figure 4. Comprehensive three-axis graph results
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Figure 5. Simplified three-axis graph results



The chosen four-axis example:

Like for all axes, different configurations are also possible for the four-axis case. The principle to be discussed

here is applicable to all configurations.

An outer to inner yaw-pitch-yaw-roll configuration was chosen. It is assumed that the control loops in the end
will provide good stabilization of the platform in roll, yaw and pitch as made possible by the three inner axes.
The outer yaw axis is only for rough alignment — typically not controlled by an inertial rate loop like the inner

three axes, but by a relative rate loop ensuring that the inner yaw gimbal angle remains relatively small.

Nomenclature for the four-axis case:

From outer to inner, these are the Euler angles and subscripts to be used:

e ‘B’ will be used as subscript for the base.

e Bisthe yaw angle between the base and the outer yaw gimbal — ‘Yaw’ will be used as subscript.

e Oisthe pitch angle between the outer yaw gimbal and the pitch gimbal — ‘pit’ will be used as
subscript.

e U isthe yaw angle between the pitch gimbal and the inner yaw gimbal — ‘yaw’ will be used as
subscript.

e ¢ isthe roll angle between the inner yaw gimbal and the platform to be stabilized — ‘rol’ will be used

as the subscript.

w denotes inertial angular rate.

X, Y and z correspond basically to the axes about which roll, pitch and yaw happen respectively.

The following picture should clarify the configuration and the symbols.
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Figure 6. Four-axis configuration

Small/large signal distinction for four axes:

Because of the assumptions above, the following distinction between potentially large and small signals can be

made.
Table 2. Small/large signals for four-axis configuration
Wyrol wyro/ W;rof wxyaw wyyuw wzyaw wxpit wypit wzpit Wyyaw waaw Wzyaw
Small v v v \ \ '
Large v v v v v v

Because it is assumed that the stabilization is going to be good, disturbance torques can be ignored that

contain the terms that were classified as ‘Small’ in the tables above.

Derivation of equations for the four axes:

Apply T = %(ﬂ) + w, X W with T the nettorqueand W =1+ w to the platform (rol), the inner yaw
a — =
gimbal (yaw), the pitch gimbal (pit) and the outer yaw gimbal (Yaw).

d N . .
r refers to the derivative w.r.t. a non-inertial axes system.
a

w, is the inertial angular rate vector of the non-inertial axes system.



w is the inertial angular rate vector of the body under consideration.

I is the Moment of Inertia matrix of the body under consideration.

To the platform (‘rol’):

Ixrol 0 0 Wyrol Wyrol
w=| 0 Iyrol 0 |- Wyrol Wq = Wyrol

0 0 Izrol Wzrol Wzrol

It is assumed that the symmetry is such that the inertia matrix can be represented in the diagonal form.

Tyrot Lyro1Wxrot wyrolwzrol([zrol - [yrol)
aTrop = Tyrol = Iyrolwyrol + wzrolwxrol([xrol - [zrol)
TZTOl Izrolwzrol wxrolwyrol([yrol - [xrol)
Txrol = Ixrolwxrol (1)

Tyrol ~ Iyrolwyrol

Tzrol ~ Izrol Wzrol

To the inner yaw gimbal (‘yaw’):

1 xyaw 0 0 Wyxyaw Wyyaw
W= 0 Lyyaw 0 |- |%yyaw W, = [@Pyyaw
Wzyaw

Izyaw wzyaw

It is assumed that the symmetry is such that the inertia matrix can be represented in the diagonal form.

Teyaw Leyaw®xyaw ®yyaw Vzyaw (Lzyaw = Lyyaw)

Tyaw = Tyyaw - Iyyawwyyaw + wzyawwxyaw (Ixyaw - Izyaw)
T, I w

zyaw zyaw"zyaw Wxyaw Pyyaw (Iyyaw - [xyaw)

Txyaw ~ Ixyawwxyaw
Tyyaw = Lyyaw @yyaw
szaw = lzyaw Wzyaw

Ty qw isthe net torque applied to the inner yaw gimbal.

Call the torque applied to this gimbal from the outside T, gyro;



Tyaw = Tyawrol —Tror Tyawrol = Tyaw + Tro

Now take the roll angle ¢ between the ‘yaw’ and ‘rol’ axes into account:

Figure 7. Roll angle transformation

Txyawrol Txyaw + Txrol
Tyawrol = Tyyawrol = Tyyaw + Tyrol cos ¢ — Tproy SN
szawrol szaw + Tzrol cos ¢ + Tyrol sin ¢

~
=

5 Txyawrol Ixyaw wxyaw + Ixrol Wyrol

Tyyawrol = Iyyawwyyaw + Iyrolwyrol cos ¢ - [zrol WzrrSIM ¢

szawrol = Izyawwzyaw + Izrolwzrol cos ¢ + [yrol wyrolSIrl ¢

The following are the equations for the angular rates and accelerations:

Wyrol = Wxyaw +¢
Wyrol = Wyyqy COS ¢+ Wyyaw SIN 0]

Wzrol = Wzyqw COS ¢ — Wyy gy SIN (0]

< Wxrol = Wyyaw +¢
Wyrop = Wyyqw COS ¢+ Wzyqw SM ¢+ PWyro

d’zrol = d)zyaw cos ¢ - d)yyaw sin ¢ - ¢wyrol

Substitute d)xrol' d)y‘rol and Wzrol in Txyawrol' Tyyawrol and szawrol-

5 Txyawrol ~ d)xyaw (Ixyaw + Ix‘rol) + ¢Ixrol

T,

(i)wzrolly‘rol cos ¢ + d)wyrollzrol sin ¢

yyawrol = d)yyaw(lyyaw + Iyrol C052 P+ Izrol Sinz ¢) + d’zyaw(lyrol - Izrol) sin ¢ Cos ¢ +

(2)



szawrol ~ d)zyaw(lzyaw + Izrol COSZ D+ Iyrol Sinz ¢) + (’:)yyaw([yrol - [zrol) sin ¢ cos ¢ -

¢(Uyrollzrol cos ¢ + ¢wzr011yrol sin ¢

Define:

Ixyawrol = Ixyaw + Ixrol
— 2 in2
Iyyawrol - Iyyaw + Iyrol Cos ¢ + Izrol sin ¢
— 2 P02
Izyawrol - Izyaw + Izrol Cos ¢ + Iyrol sin ¢

1 -1
_ lyrol=lzrol .
Iyzyawral - 5 sin2¢

wxyaw Ixyawrol + ¢Ixrol

Txyawrol ~

Tyyawrol = wyyawlyyawrol + wzyawlyzyawrol + ¢wzrol1yrol cos ¢ + ¢wyrollzrol Sin ¢

szawrol = d’zyawlzyawrol + (byyaw[yzyawrol - ¢wyrol[zrol cos ¢ + ¢wzrol1yrol sin ¢

To the pitch gimbal (‘pit’):

Lepit 0 0 Wxpit Wypit
W=|0 Ly 0| |[0pi W, = |Pypit
0 0 Izpit Wzpit Wzpit

It is assumed that the symmetry is such that the inertia matrix can be represented in the diagonal form.

Txpit prithpit wypithpit(lzpit - ypit)
w Toie = |Typie | = | Lypie Dypie | + | 02pie @xpic (Lepic — Lzpit)

T, L it @,y

zpit zpit = zpit wxpitwypit(lypit - xpit)

Txpit ~ xpithpit
T.

ypit = Iypitwypit + Wzpit Wxpit (prit - Izpit)

szit ~ Izpit wzpit

Ty isthe net torque applied to the pitch gimbal.

Call the torque applied to this gimbal from the outside Tpityawrot-

Tpit = Tpityawrol - Tyawrol Tpityawrol = Tpit + Tyawrol




Now take the yaw angle ) between the ‘pit’ and ‘yaw’ axes into account:

Figure 8. Yaw angle transformation

Txpityawrol Txpit + Txyawrol cos lzb - Tyyawrol sin lnb
Tpityawrol = Typityawrol = Tyrol + Tyyawrol cos lp + Txyawrol sin 1/)
szityawrol szit + szawrol

5 Txpityawrol = prithpit + (wxyawlxyawrol + ¢Ixrol) COSll) -
(wyyawlyyawrol + wzyawlyzyawrol + ¢wzrol1yrol cos d) + ¢wyrollzrol Sin ¢) sin l/)
~ prithpit + (wxyawlxyawrol + ¢Ixrol) C05¢ -

(wyyawlyyawrol + wzyawlyzyawrol) sin lp

with (ﬁwyrol and pw,,,; ignored.

Typityawrol ~ Iypitd)ypit + wzpithpit (prit - zpit) +
(d)yyawlyyawrol + d)zyawlyzyawrol + d’wzrollyrol cos ¢ + (i)wyrollzrol sin ¢) Cos 1/’ +
(d)xyawlxyawrol + qﬁlxrol) sin ll)
~ Iypitd)ypit + WzpitWDypit (prit - zpit) +

(d)yyawlyyawrol + d’zyawlyzyawrol) cos l/) + (d)xyawlxyawrol + ¢Ixrol) sin l/)

with (j')a)yml and ¢w,,,; ignored.

szityawrol ~ Izpithpit +
wzyawlzyawrol + wyyaw[yzyawrol - ¢wyrol[zrol Cos ¢ + ¢wzrollyrol sin ¢

~ Izpithpit + wzyawlzyawrol + wyyawlyzyawrol

with d)a)yml and ¢pw,,,; ignored.
The following are the equations for the angular rates and accelerations:

Wyyaw = Wxpit COS Y+ Wypit SiN P



Wyyaw = Wypir COS Y- Wypir SIN Y

(Uzyaw = wzpit + 1!’

wxyaw = wxpit Cos 1!’ + wypit Sll’lll) + 1pwyyaw
Wyyaw = Wypjr COS Y — Wypjr SIN Y — wwxyaw

wzyaw = wzpit + 1!’
Substitute (nyaw' wyyaw and wzyaw In Txpityawrol' Typityawrol and szityawrol'

Txpityawral ~ pritd)xpit +
(d)xpl-t cosyp + d)ypit siny + l,l}a)yyaw)lxyawml cosy —
(@ypit COSY = Wopir SINY — YWryaw ) lyyawror SINY =
(d)zpit + dj)lyzyawrol sin lp + (ﬁlxrol C05¢
= d)xpit(lxpit + Ixyawrol COSZ lp + Iyyawrol sin2 lp) +
d’ypit(lxyawroz - [yyawrol) siny cosY — Wy pitlyzyawror SINY +

wwyyawlxyawrol Cos 1l) + lpwxyaw[yyawrol sin 1l) - lp[yzyawrol sin lnb + ¢Ixrol Cos l/)

Typityawrol ~ Iypitd)ypit + wzpithpit(lxpit - zpit) +
(d)ypit COSI/) - d)xpit Siml} - zj}wxyaw)lyyawrol cos 1/) +
(d)xpif cosy + d)ypit siny + lzbwyyaw)lxyawrol siny +
(d)zpit + dj)lyzyawrol Cos lp + qﬁlxrol Siml}

— 2 P2
- wypit(lypit + Iyyawrol Ccos 1/) + Ixyawrol sin ll)) +

(8)

wzpitlyzyawrol COSIP + wxpit(lxyawrol - [yyawrol) Slml’ Cos l/) + wzpithpit (prit - Izpit) -

wwxyawlyyawrol Cos l/) + wwyyaw[xyawrol sin l/) + Izblyzyawrol Cos l/) + ¢Ixrol sin l/)

szityawrol ~ Izpithpit + (wzpit + ll))lzyawrol + (wypit COSI/) — Wyxpit SIN l/) - 1l}wxyaw)1yzyawrol
= wzpit(lzpit + Izyawrol) - wxpit[yzyawrol sin l/) + wypitlyzyawrol Cos l/) -

¢wxyaw Iyzyawrol + l»b[zyawrol

Define:

— 2 102
prityawrol - prit + Ixyawrol cos 1/) + Iyyawrol sin 1/)

— 2 s 02
Iypityawrol - Iypit + Iyyawrol Cos l/) + Ixyawrol sin l/’
Izpityawrol = Izpit + Izyawrol

Ixyawrol_lyyawrol :
Ixypityawrol - 2 sin 21/}

Iyzpityawrol = Iyzyawrol cos

szpityawrol = Iyzyawrol Sll‘ll/)

9)
(10)
(11)
(12)

(13)

(14)



5 Txpityawrol ~ wxpitlxpityawrol + (pritlxypityawrol - wzpitlzxpityawrol +

1pwyyawlxyawrol Cos 1!’ + lpwxyaw[yyawrol sin 1!’ - lp[yzyawrol sin l,b + ¢[xrol Cos l/)

Typityawrol ~ wypitlypityawrol + a)zpitlyzpityawrol + a)xpitlxypityawrol + wzpithpit(lxpit - Izpit) -
lpwxyawlyyawrol COSlP + lpwyyaw[xyawrol Sll’llp + lplyzyawrol COSll) + ¢Ixrol Sll’ll/J (15)
szityawrol ~ C‘)zpitlzpityawrol - a)xpitlzxpityawrol + wypitlyzpityawrol - lpwxyawlyzyawrol + Izblzyawrol

To the outer yaw gimbal (Yaw):

IxYaw 0 0 Wxyaw Wxyaw
w = 0 IyYaw 0 : a)yYaw Wy = w_’yYaW
0 0 IzYaw Wzyaw Wzyaw

It is assumed that the symmetry is such that the inertia matrix can be represented in the diagonal form.

Teyaw Lyyaw Dxyaw WyyawPzyaw (1 zvaw — I yYaW)
“ Tyqw = Ty vaw | = |1 yraw Dyyaw | + | Wzyaw Dxyaw (evaw = Lryaw)
TzYaw IzYaw Wzyaw Wyyaw waaW(IyYaw - IxYaw)

Tyaw is the net torque applied to the outer yaw gimbal.

Call the torque applied to this gimbal from the outside Tyquwpityawrot-

TYaw = TYawpityawrol - Tpityawrol TYawpityawrol = TYaw + Tpityawrol

Now take the pitch angle 6 between the ‘Yaw’ and ‘pit’ axes into account:

pit

Xyaw

\J

Pt Zvaw

Figure 9. Pitch angle transformation



TxYawpityawrol TxYaw + Txpityawrol cos 6 + szityawrol sin @
TYawpityawTOl = TyYawpityawrol = TyYaw + Typityawrol
TZYawpityawrol TzYaw + szityawrol cosf — Txpityawrol sin 6

5 TzYawpityawrol ~ IzYawd)zYaw + a)xYawwaaw (IyYaw - IxYaw) + (d)zpitlzpityawrol - 6")xpitszpit:yawrol +
d)ypitlyzpityawrol - Liijyawlyzyawrol + lp[zyawrol) cos 6 —
(d)xpitlxpityawrol + d)ypitlxypityawrol - (’:)zpitlzxpityawrol + l-iJ(’Jyyaw[xyawrol Cos l,b + 1[)wxyaw[yyawrol sin l/J -
lljlyzyawrol sin 1!’ + q'slx‘rol Cos l,[}) sin 6

= ZYawd)zYaw + waawwaaw(IyYaw - IxYaw) + ((’:)Zpit[zpityawrol - d’xpitlzxpityawrol +

(pritlyzpityawrol - Llijyawlyzyawrol + lp[zyawrol) cos 6 —

(wxpitlxpityawrol + (pritlxypityawrol - wzpitlzxpityawrol + wa)xyawlyyawrol SlrlllJ - wlyzyawrol Slnl,b +

@l COS z,b) sin @

with d)a)yyaw ignored.
The following are the equations for the angular rates and accelerations:

Wypit = Wxyaw COS O — Wyyqy, SINO
Wypit = Wyyaqw + 6 (16)

Wzpit = Wzyaw COSO + Wyyqy SIN 6

< Wypit = Wxyaw COS 0 — Wzyqw SN 0 — ngpit
Wypit = Wzyaw + 60

Wzpit = Wzyaw COS 0 + Wyyqy Sin O + wapit
Substitute W pie, Wypir aNd W4pie IN Toyawpityawrol-

5 TzYawpityawrol ~ IzYawd)zYaw + waawwaaw ([yYaw - [xYaw) +
(d)zYaw €oS 6 + Wyygw SiN O + éa)xpit)lzpityawml cosO +
(d’zYaw cosf + d)xYaw sinf + éwxpit)lzxpityawrol sin§ —
(d)xYaw cost — (’:)zYaw sing — éwzpit)lzxpityawrol cosf —
(d)xYaw cosf — d)zYaw sinf — éwzpit)lxpityawrol sinf +
(d’yYaw + é)lyzpityawrol cosf — ((’:)yYaw + é)lxypityawrol sin§ —
lﬁwxyaw (Iyzyawml cos 0 + L, yqror SINY sin 9) +
&(lzyawml cosO + Ly sy awrol SIN P sin 9) — di[xml cosy sin @
= d)zYaw (IzYaw + Izpityawrol COSZ 0+ szpityawrol sin 26 + prityawrolSin2 9) -
d)xYaw [Iz;)cpityawrol(cos2 0 — sin2 9) + (prityawrol - Izpityawrol) sin 6 cos 9] +

waaw (Iyzpityawrol cosf — Ixypityawrol sin 9) +



Wxyaw Dyyaw (IyYaw - [xYaw) +

wapit (Izpityawrol cosf + szpityawrol sin 9) +
Gwzpit (szpityawrol cos6 + prityawrol sin 9) -
YWyyaw (Iyzyawml c0s 6 + Ly qyro; SIN Y sin 9) +
B(Iyzpityawrol cos6 — [xypityawrol sin 9) +

zﬁ(lzyawml cos 8 + L, qwror SINYP sin 9) — Plyo; COS Y Sin B

Define:
— 2 ; P2

IzYawpityawrol - IzYaw + Izpityawrol cos® 6 + szpityawrol sin 26 + prityawrol sin” 6 (17)
I =] 29 prityawrol_lzpityawrol : 29 18
zxYawpityawrol — ‘zxpityawrol Cos + 2 sin ( )
IyzYawpityawrol = Iyzpityawrol cosf — [xypityawrol sin 0 (19)
5 TzYawpityawrol ~ szawIzYawpityawrol - waaw[zxYawpityawrol + waaWIyzYawpityawrol +

waawwaaw (IyYaw - IxYaw) +

wapit (Izpityawrol cosf + szpityawrol sin 9) +

ewzpit(lzxpityawrol cos6 + [xpityawrol sin 9) -

lpwxyaw (Iyzyawrol cos 6 + Iyyawrol sin lzb sin 9) +

H(Iyzpityawrol cosf — Ixypityawrol sin 9) +

VY (Lyawro €08 0 + Lyyawror SN sin @) — Pl cos sin 6 (20)
Now take the yaw angle B between the ‘B’ and ‘Yaw’ axes into account:

» Xg
XYaw
p
\J
YYaW YB
Figure 10. Outer yaw angle transformation

Wyyaw = Wyp COS B + Wyp Sin B
Wyyqw = Wyp COS f — wyp Sin B (21)

Wzyaw = Wzp + ﬁ



Block diagram and simulation results for four axes:

From equations (1) to (21) and with the addition of friction, the following block diagram can be compiled.

2
Wg

——2—— representing feedback
s242{gwgs+wg? P g

Rather simple stabilization loops are added in the block diagrams, with

from gyros mounted on the platform, measuring Wy o1 , Wzro; and Wy, - A proportional controller and one

(utz
2420 wes+we?

lead compensator close each loop. The outer yaw gimbal has a tachometer, represented by
feeding back the relative angular rate [)’ and also a proportional controller and one lead compensator. It is

driven by the inner yaw gimbal angle ¥ through a gain K, to effectively keep ¥ at a small angle therefore

aiding good stabilization.

The size of the measurements w,;.o; , Wyro; aNd Wy is an indication of the quality of stabilization — the
smaller these signals the better the stabilization. They can be seen in the graphs below to be much smaller

than the previous three-axis case as expected.

The initial Yaw, pitch and roll angles 8, 8 and ¢ were set at 45° to prevent some disturbance torques to be

very small because of small angles.
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Figure 11. Simplified block diagram of four-axis yaw-pitch-yaw-roll



The simulation result is the following.
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Figure 12. Simplified four-axis graph results

As could be expected, Wyrgr » Wyror aNd W4, Which are indications of the quality of stabilization, are much

smaller than for the three-axis case.

Conclusions:

Based on the demonstration with the three-axis example where the comprehensive and simplified models
were compared and found to give identical results, and the reasoning for ignoring certain terms when deriving
the simplified equations and model, it is concluded that the proposed simplification method is valid also for

more-axis, like the four-axis configuration.

The saving in the amount of work to be done to derive models for four- and higher number of axes platforms
by using this method is substantial as can be appreciated a bit by comparing the comprehensive and simplified
three-axis block diagrams. Actually the amount of work to be saved will increase dramatically as the number

of axes is increased.



Summary:

In this paper a method was shown to simplify the dynamics model of stabilized platforms, with the four-axis
platform as the example vehicle. The relevant simplified equations for a specific four-axis configuration were
derived, the resulting block diagram was given, and then some simulation results were shown after adding

simple control loops around the dynamics model.

The validity of the simplification method was demonstrated by showing that identical simulation results were

achieved for a comprehensive and simplified three-axis model example.
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