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KRZYSZTOF M. PAPLINSKI”

MODEL TESTINGS OF TANK GUN STABILISER

The subject of this paper is a real stabilising and tracking control system-namely,
the tank gun horizontal stabiliser.

The simulation investigations of the influence of regulation potentiometers settlings
on stabilisation exactness and transient processes quality were carried-out using a
verified mathematical model of the system.

The author analysed the possibilities of improving performance characteristics of
the stabiliser via altering of feedback’s gain coefficients as well as the influence of
disturbing inputs amplitude and frequency (propagated from the hull on the gun-
turret) on stabilisation exactness of a given position.

In the result of model investigations, it was found that it would be impossible to
improve significantly the stabiliser performance quality with its present structure.
For this reason, one investigated the possibilities of adding new feedbacks and their
influence on the stabilisation quality. The introduced feedbacks improved
performance parameters of the stabiliser by about thirty to fifty percent.

1. Introduction

High demands for increased battlefield mobility of tanks inevitably lead to
the requirement that they be able to fire on the move, instead of having to stop
every time they engage a target. This requirement calls, in turn, for gun control
systems which minimise the effects of vehicle motion on the main armament of
tanks and in particular on its ability to hit targets.

The subject of discussion is an electro -mechanic control system which makes it
possible to aim at a target, track a target and stabilise a given gun turret angular
position.

The systems devised to make tanks capable of firing on the move involve the
use of two closed-loop servo systems, one operating about the elevation axis of
the gun and the other about the traverse axis of the turret. Each loop
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incorporates gyroscopes to sense angular position and angular velocities of the
gun in elevation and in azimuth, respectively. Any difference between actual
velocities and those commanded by the gunner causes the elevation and traverse
servomotors to rotate the gun and the turret in appropriate direction in order to
nullify the difference or "error" and so to stabilise the gun. Thus, if the gunner
holds his controls steady y, =0 (Fig. 1), the two-axis stabilisation system will

automatically maintain the position of the gun ,, at a fixed bearing in space. It

is fixed in spite of any motion of the vehicle (in which it is mounted): in roll
(yx — hall transversal vibration), pitch (hall longitudinal vibration) or yaw (y,

— hall ,,snake-like” vibration). In other words, the two-axis stabilisation system
compensates for the angular velocities disturbances of the vehicle so that, in
theory, the gun is unaffected by them.

Those basic two-gyroscope control systems have proved reasonably effective
and even if they do not always make it possible for gunners to aim accurately on
the move, they can at least aim roughly, so that only relatively small adjustments
have to be made when the tank stops to fire. However, in the nature of things,
the response of the basic systems is not sufficiently rapid to reduce gun-pointing
errors to a sufficiently low level when tanks move at average speed over rough
ground.

However, recent developments have resulted in new, more advanced gun
control systems, which are greatly superior to the original type. In consequence,
tanks can be provided with much greater ability to fire on the move than they
have possessed so far.

The second-generation systems [9], [12], [27] are equipped with an
additional gyroscope in feedback open loop which responds to angular
velocities of the vehicle, and provides anticipatory commands to the elevation
and traverse drives, thereby approximately it stabilises the gun. Thus, one
additional gyroscope is mounted in the hull to sense the angular velocity of the
hull in the plane of rotation of the turret, and to generate feedback commands to
the traverse drive.

The considered electro-mechanic control system has a primary closed-loop
with a rate integrating (free) gyroscope and a second feedback, closed-loop with
arate gyroscope (Fig. 1).

To improve performance characteristics of tank gun stabiliser, more elaborate
systems should be brought into practice. It is possible by adding additional
feedbacks [21], [22], [24], [27].

2. Mathematical model

In order to simplify the identification process, the system was divided into
appropriate functional parts. Then, via laboratory tests, dynamic and static
characteristics of those parts were obtained, and numerical values of coefficients
of suitable mathematical models were determined [1], [2], [3], [10], [11], [12].
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Fig. 1. The block diagram of tank gun stabiliser

The structural scheme of the overall system (with three inputs and one

. output) was derived on the basis of the obtained static characteristics and

transfer functions of individual parts of the system, and based on the knowledge

about the system feedbacks.

The input signals are (Fig. 6):

U, —the reference signal given by the operator,

vy, —the disturbing signal caused by the hull "snake-like" movements,

7k — the disturbing signal caused by the transversal angular displacements of

the hull around the longitudinal axis.
The gun turret angular displacement , represents the output signal.

The system of differential and algebraic equations was formulated [13], [16],
[17], [19], [20], [25], [26] on the basis of the structural scheme. The system of
equations constitutes a mathematical model of the stabilizer. The differential
equations constitute mathematical
description of stabilizer modules, rate and current feedbacks and turret. These
are ODE's of first or second order with constant coefficients. The algebraic
equations describe nonlinear characteristics and summing nodes.

The system of differential and algebraic equations, formulated on the basis of
the structural scheme, has the form:

TZO'UP +T02UP + U, =¥y Tokgp =0, (1)
Vo = Upkgy s ()

(Wo — Wy dksrex — U =0, (3)

(Ug =Uyp)e, —Ugy =0, 4)

UsuKwi =Uye =0 (for) —Ug, €Uy, £Ug,, (5)
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—1244540U%u +444193U,° —60957U4,* +4107Ug, —15.7- Uy, =0 (6)
(for) Ugy(Ugy < Ugya,

883004U"sy +330272U%uy +48863U%uy +3635Ug, +10.3- Uy, =0

(7)
(for) —Ugy, <Ugy(Ugy»
Upe =Uywe =0 (for) Ug,)Ugy,, (8
Uwe +Upwe =0 (for)  Ugy(—Ugy,, )]
Ywiky +Up =y ike, (10)
R, -U, =0, (11)
Uy +U, +U; -Uq, =0, (12)
Ug Ky, —=U, =0 (for) -Us,, <Ug, <Ug,, (13)
0.000311U%4 —0.064278U,° —5.50826U," —250.468U%ss —6373.61U%a — (14)

~86054.3U, +481662—U, =0 (for) Us,, (Uy(Usy;, (and) U, (U,
U,-U,, =0 (for) Ug, 2Ug,, (and) Us,,(Ug,(Us,, (and) U, =U,, (15)

-0.000463U°%a —0.095721U°%a —8.21027U%4s —373.658U%a +
-9516.2U%a —128584U;, —720209-U, =0 (16)
(for) —Ugy{Usa(-Ug,, (and) U,)-U,y,

Up+Upy =0 (for) Ug, <-Ugy,

(and) —Ugy;(Usa (=Usa, (and) U, =U,y, (17)
TE, +T,E, +E, -U, =0, (18)

Wwi ke + B =yike, (19)

Rl -U, =0, (20)

E, +Es-U;-Us =0, 21

T, - UK +1 =0, (22)

k ilq—Mg=0, (23)

(pWiZ’JSR + My, :\T/KierSR’ (24)

M, = 0(for) =85 (U —ry,) <8, (25)

M, =M =0 (for) (¥~ )3, (26)

M; + Mg = 0 (for) (Px — Y X0, (27)
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M, =K Taw?¥ + Kaw? > (28)
M +M;-M, =0, (29)
M;+M,; +M, -M,, =0, (30)
Yylw —My, =0. (€2)

For the differential equations, one assumed the zero initial conditions:
Wy =Wy =W =Up=Uy =Ugy =Uy =U; =U; =Ug, =U, =
=E,=Es=U;=Us==M;=M, =M, =M, =M, =M, =0
In the above equations, the following notation is used:
T,,T,,, Ty, T, T,, Ty — denote time constants of rate gyroscop, amplidyne and
turret d.c. motor, respectively;
Kgps Kers Kens Ci» Co» Ky K2, Kg — denote gain coefficients of synchro-control-
transformers of gyroscopes, aiming electromagnets of gyroscopes, regulation
potentiometers of electronic amplifier, amplidyne and turret d.c. motor,
respectively;
k;,Rg, R,k —feedback gain coefficients;
Jo> Kyws Taws K> Jsr -1, — construction parameters of turret, turret d.c. motor
and turret reduction gear, respectively;
Ugur> Usuas Unwes Usars Usazs Ugass Uams 8, Mg — characteristic points on non-
linear characteristics of electronic amplifier, amplidyne and coulomb friction,

respectively;
W 9\1} >\ijo,Up5UK9U UaU EaUT5U]9U aU ’E aE >Uan :I aM aMJR>MT>

M, M, .My, — model state co-ordinates;

UPKa'YKs:Y.Ka\ij,q']K —inputs.
The system of equation (1)—(31) constitutes a mathematical model of the
stabiliser.

3. Simulation investigations

Using the verified mathematical model of the system, one carried out the
simulation investigations of the influence of the regulation potentiometers
settlings (cy,c,) — see structural scheme on Fig. 6 — on the stabilisation
exactness and the transient processes quality (reduction of the amplitude of first
over-regulation h, as well as reduction of the settling time t. — see Fig. 7).
These investigations show that appropriate settlings have essential meaning for
obtaining proper performance characteristics of the stabiliser. By contraction of
the area of admissible regulation settlings, the performance characteristics may
be improved even by more than ten percent [1], [2], [4], [5], [6], [7]. Setting
range of regulation potentiometers are shown in Fig. 2.
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Fig. 2. Setting range of regulation potentiometers in main battle tank

The possibilities of improving performance characteristics of the stabiliser
via changing of feedback’s gain coefficients were also analysed. Although
alteration of gain coefficients of these feedbacks did not require essential
intervention in construction of individual modules of the stabiliser, the results
showed that this approach was inefficient. On the other hand, it was observed
that alterations of construction parameters of the gun-turret as well as
improvement of co-operating conditions in the interlinking of hull and gun-
turret had more essential influence on the stabiliser performance quality. In the
result of investigations, the quantitative and qualitative effects of structural
changes of the system were determined [1], [2], [4], [5], [6], [7].

The main parameters that describe transient processes quality, after
disturbances caused by the reference signal given by the operator (U, ) as an

rectangular impulse of voltage, are the amplitude of the first over-regulation
(h ) and the settling time (t,) — see Fig. 7. Figures 3, 4, 5 show the

characteristics of the amplitude of the first over-regulation as well as of the
settling time versus turret moment of inertia (J, ) referred to the vertical axis of

rotation, moment (M) acting on the turret due to coulomb damping between
the turret and the hull, d.c. motor and gear box moment of inertia ( J ) referred
to the axis of rotation, respectively. The investigations were carried out for
parameters of the tank before modification.

The ranges of the turret moment of inertia (J ), moment (M ) acting on the
turret due to coulomb damping between the turret and the hull as well as d.c.
motor and gear box moment of inertia (Jgg ) were chosen for wide scope of
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kinds of tanks (from light tanks to heavy ones).

Improvement of the turret armour (in order to increase its combat resistance)
lead to an increase of the turret moment of inertia. This had a negative effect on
transient processes quality, and caused sharp increase of the first over-regulation
(h ) and the settling time (t ) — see Fig. 3.
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Fig. 3. Characteristics of the amplitude of first over-regulation ( h, ) and of the settling time (t,)

versus turret moment of inertia (J, ) referred to vertical axis of rotation
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Fig. 4. Characteristics of the first over-regulation () and of the settling time () versus moment

(M ) acting on the turret due to coulomb damping between the turret and the hull
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Fig. 5. Characteristics of the first over-regulation ( ) and of the settling time () versus d.c.

motor and gear box moment of inertia ( Jg; ) referred to the axis of rotation

To confirm the simulation results, one can mention the effect of modification of
the tank T-55A. After improvement of the turret armour, its moment of inertia
increased from 11780 kgm® to 13740 kgm?, and the effect measured in the tank
confirmed the simulation results [12].

Though we can observe a decrease of the first over-regulation for greater M

(see Fig. 4), greater M makes it impossible to traverse the main armament

more quickly and track the target at low but steady speed.

We can obtain good results by a decrease of d.c. motor and gear box moment of
inertia (see Fig. 5). It may be reached by applying modern (lighter and more
compact) constructions of the gear box and d.c. motor insted of the old ones
built in the late fiveties.

The influence of disturbing of input amplitude and frequency (propagated
from the hull on the gun-turret) on stabilisation exactness of a given position
was also analysed [4], [6], [8], [12], [18]. The investigations showed that the
performance quality of the stabiliser could be essentially improved via a proper
choice of the tank suspension characteristics (mainly characteristics of damping
elements and shock absorbers). The suspension allows the road wheels to follow
the vertical motion of tracks without transferring too much of that motion to the
hull and stabilised armament.
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4. Additional feedbacks

In the result of model investigations, it was found that it would be impossible
to improve significantly the stabiliser performance quality with its present
structure. For this reason, the possibilities of adding new feedbacks and their
influence on the stabilisation quality was investigated. To this aim: additional
feedbacks were introduced in the mathematical model of the system and
appropriate modifications of computer program were performed; the most
advantageous values of gain coefficients of these feedbacks were chosen.

The structural scheme of the overall system was then developed — see Fig. 6.

U+ kel 2T+ | T Ts+1

oy wl o i
Ul
X : 4
UKA

o Ua 1 Bx Us K,

Fig. 6. Structural scheme of the system with additional feedbacks

The new proposed feedbacks are:
e feedback caused by the hull "snake-like" movements speed s, ,

e feedback caused by the hull "snake-like" movements acceleration

e feedback caused by the gun turret "snake-like" movements acceleration

e feedback caused by the transversal angular displacements acceleration ¥, of

the hull around the longitudinal axis.



172 KRZYSZTOF M. PAPLINSKI

A system of new differential equations, formulated on the basis of the
structural scheme with the modified feedbacks, has the form (of course real
sensors are not proportional elements):

Wikgpp = Ugp =0, (32)
Vikgacka =Uka =0, (33)
Yek,c,-U, =0, (4
Yykyew —Uy, =0. 395)

In the above equations, the following notation is used:
Kyp>Kias K, Ky, ChpsChasC,,€y — denote gain coefficients of synchro-control-

transformers of angular-rate sensor and angular-acceleration sensors, and
regulation potentiometers of these sensors, respectively;
\TIW’UKP’UKA’Uy’UW — model state co-ordinates;

YWk, Wy — inputs.
The simulation investigations of the influence of new feedbacks gain
coefficients ky;,ky,,k,,ky, on stabilisation exactness and transient processes

quality was carried-out using the modified mathematical model of the system.
For the investigation of optimum values of new feedback coefficients, one
applied the systematic searching method of the range of decision variables
kgp,>Kgask, Ky . On the basis of general requirements for tank turret stabilisers,

appropriate limiting conditions were formulated.

Tracked fighting vehicles move over rough ground whose irregularities are
about 4-10 meters long and 0.05-0.4 meteers high. The vechicles are able to
fire on the move (stabilisation system automatically maintains the position of
the gun turret at a fixed bearing in space) only at speed of 5-20 km/h. In these
circumstances, average frequency of the hull motion in roll (v, ) is about 0.8 Hz

and in yaw () it is about 0.6 Hz (vertical dashed line in Fig. 8 and Fig. 9).

Then, the investigations were carried-out for such amplitude and frequency
values of disturbing signals.

Detailed descriptions of requirements is presented in [4], [6], [8], [10], [11],
[12], [18].

To obtain values of over-regulations and the settling time, one gives the input
function (disturbing signals) the following form:

0 t<l,
y(t)4 A, [1-(cos2nf,t)] for 1<t<t, (36)
0 t>t,.

It is similar to a single irregularity of road surface flattened by tracks (that make
the road for wheels).

To obtain attenuation characteristics of the gun turret angular vibration, one
gives the input function a form of a harmonic function.
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One analysed the responses of the system for a main battle tank and a
modernised tank (with heavier tank turret).

In the result of model investigations, optimum values of new feedback’s
coefficients and their influence on the stabiliser performance quality were
determined.

1. Negative feedback controlled by the hull "snake-like" movements speed \y, .
a) The following results were obtained for parameters of the main battle tank
turret and for optimum value k., =1.5:

— the amplitude of turret vibrations was reduced by about 45% for input
harmonic functions caused by the hull "snake-like movements;

— for disturbing signals in the form of a fragment of a harmonic function, one
obtain about 50% reduction of the first over-regulation and about 32% reduction
of the second over-regulation as well as about 16% reduction of the settling
time;

b) The following results were obtained for parameters of the heavier tank turret
and for optimum value k,, =1.3:

— about 32% reduction of turret vibrations amplitude was obtained for input
harmonic functions caused by the hull "snake-like movements;

— for disturbing input signals in the form of a fragment of a harmonic function,
one obtained about 55% reduction of the first over-regulation and about 33%
reduction of the second over-regulation as well as about 15% reduction of the
settling time;

2. Negative feedback controlled by the hull "snake-like" movements
acceleration \J, .

a) The following results were obtained for parameters of the main battle tank
turret and for optimum value k,, =0.3:

— about 18% reduction of turret vibrations amplitude was obtained for input
harmonic functions caused by the hull "snake-like movements;

— for disturbing input signals in the form of a fragment of a harmonic function,
one obtained about 40% reduction of the second over-regulation and about 20%
increase of the first over-regulation as well as about 2% reduction of the settling
time.

b) For parameters of the heavier tank turret and for optimum value k,, =0.3,
the responses of the system were just the same as for the parameters of the main
battle tank turret.

3. Negative feedback controlled by the transversal angular displacement
acceleration Y, of the hull around the longitudinal axis.

a) For parameters of the main battle tank turret and for optimum value
k, =0.07, one obtained about 63% reduction of characteristic parameters of the

system responses (the first and the second over-regulation, settling time) with
harmonic inputs caused by the acceleration of the hull around the longitudinal
axis, and at the same inputs in the form of a fragment of a sinusoidal function.



174 KRZYSZTOF M. PAPLINSKI

b) The following results were obtained for parameters of the heavier tank turret
and for optimum value k, =0.11:

— about 62% reduction of the turret vibrations amplitude was obtained for input
harmonic functions caused by the transversal angular displacements acceleration
of the hull around the longitudinal axis;

— about 66% reduction of the first and second over-regulation and of the settling
time was obtained for disturbing input signals in the form of a fragment of a
harmonic function.

4. Negative feedback controlled by the gun turret "snake-like" movements
acceleration . For disturbing signals (a fragment of a harmonic function) and

for the reference signals given by the operator, the feedback did not have any
essential influence on the stabiliser performance quality.

For the disturbing signals (input harmonic functions caused by the hull
movements), we did not yield any profit from this feedback.

The above results indicate that only two of the considered feedbacks may be
taken into account for further investigations.

The indispensable feedbacks are:

e feedback controlled by the hull "snake-like" movements speed y, ,

e feedback controlled by the transversal angular displacements acceleration ¥,

of the hull around the longitudinal axis.
Application of the mentioned above feedbacks improve parameters of the
stabiliser.
Exemplary impulse responses of the tank gun stabiliser in modernised and non-
modernised version of the stabiliser are shown in Fig. 7. One can notice the
effect of reduction of the amplitude of the first and second over-regulations as
well as reduction of the settling time.

LEGEND
a - MAIN BATTLE TANK
GUN STABILISER
b-MODERNIZED TANK
GUN STABILISER

L

Fig. 7. Impulse responses of tank gun stabiliser in modernised and non-modernised version of
stabiliser

Exemplary attenuation characteristics of the gun turret angular vibration (caused
by the hull "snake-like" movements speed and those caused by the transversal
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angular displacements acceleration of the hull around the longitudinal axis) for
the main battle tank gun stabiliser and for the modernised tank gun stabiliser are
shown in Fig. 8 and Fig. 9, respectively. The amplitude of the turret and gun
angular displacements was significantly reduced, mainly for average frequency
of the hull motion in yaw (vertical dashed line in Fig. 8) and in roll.

\PW 025 ; R
Y |
K LEGEND |

j — MAIN BATTLE TANK |

02 — — —MODERNIZED TANK |

Fig. 8. Attenuation characteristics of the gun turret angular vibration caused by the hull "snake-
like" movements speed in modernised and non-modernised version of stabiliser
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Fig. 9. Attenuation characteristics of the gun turret angular vibration caused by the transversal
angular displacements of the hull around the longitudinal axis in modernised and non-modernised
version of stabiliser

The simulation investigations of the influence of the regulation
potentiometers settlings (cy,c,) on the stabilisation exactness and transient

processes quality was carried-out using the mathematical model of modernised
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stabiliser. These investigations show that appropriate settlings have essential
meaning for obtaining right performance characteristics of the stabiliser. The
settling range of regulation potentiometers is shown in Fig. 10.

Stable system
(with over-regulation system
o8+" N ) .

The best
potenuometens
selling range
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oo b e e (]
003 012 0.2t 030
Co

Fig. 10. Setting range of regulation potentiometers in main battle tank with modernised stabiliser

In comparison to non-modernised version of the stabiliser, the best and
acceptable potentiometer settling range was widened.

5. Conclusion

The proposed feedbacks improve performance parameters of the investigated
stabiliser by about thirty to fifty percent. One of them, controlled by the hull
"snake-like" movement speed \,, is used in “the second generation” of

stabilisers.

These second-generation systems are equipped with an additional gyroscope in
closed loop feed-back which responds to angular velocities of the vehicle and
provides anticipatory commands to the elevation and traverse drives, thereby
approximately stabilises the gun. Thus, one additional gyroscope is mounted in
the hull to sense the angular velocity of the hull in the plane of rotation of the
turret, and to generate feed-back commands to the traverse drive. The second of
additional gyroscopes is mounted in the turret to sense the angular velocity of
the turret in the elevation plane of the gun, and to generate feed-back commands
to the elevation drive.

The use of this kind of feed-backs was pioniered by the United States for M-60
tank, and consequently was adopted by the German and Belgian Armies for their
Leopard 1 tanks.

Feedback caused by the transversal angular displacement acceleration ¥, of the

hull around the longitudinal axis was first used by the Soviet Abmy in T-72
tanks.
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The simulation investigations proved that introducing the proposed feedbacks
would be a good solution for the investigated stabiliser.
The considered mathematical model may be generalised in a simple way for the
case of random disturbing signals.

Introducing of the proposed additional feed-backs in the real object should
be the next stage of the presented work.
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Badania modelowe stabilizatora uzbrojenia czolgu

Streszczenie

Przedmiotem rozwazan jest rzeczywisty uklad stabilizacji i naprowadzania, a mianowicie
czolgowy stabilizator potozenia katowego armaty w ptaszczyznie poziomej (horyzontalnej).
Wykorzystujac zweryfikowany model matematyczny uktadu przeprowadzono badania symulacyjne
wplywu nastaw potencjometrow regulacyjnych na dokladnos$¢ stabilizacji i procesow
przejsciowych.

Przeanalizowano mozliwosci poprawy charakterystyk dzialania stabilizatora poprzez zmiany
wspotczynnikéw sprzezen zwrotnych jak réwniez wplywu wartodci amplitudy i czgstotliwoscei
sygnatow zakidcajacych (oddziatujacych od kadluba na wiezg i armatg) na doktadno$¢ stabilizacji
zadanego potozenia.

W wyniku badan modelowych stwierdzono, ze nie jest mozliwa znaczna poprawa osiggéw
stabilizatora w jego obecnej strukturze. Z tego powodu zbadano mozliwosci wprowadzenia
nowych sprzezen zwrotnych w ukladzie i ich wplyw na jakos$¢ stabilizacji. Wprowadzone
sprz¢zenia zwrotne poprawily charakterystyki dzialania stabilizatora okolo trzydziestu do
pigcdziesigciu procent.



