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Abstract. This paper presents an enhanced mathematical framework for evaluating the per-
formance of unmanned aerial vehicle (UAV) telemetry channels operating under ra-
dio-electronic warfare (REW) conditions. The study focuses on path loss (PL), signal-
to-noise ratio (SNR), and an extended interference-aware model incorporating jam-
ming power, jamming-to-signal ratio (JSR), and effective SNR. Using the XBee PRO
S2C telemetry module integrated into a quadcopter platform, communication perfor-
mance was analyzed through both classical and REW-affected models. Numerical re-
sults demonstrate the degradation of SNR with increasing distance, while the effec-
tive SNR remains stable due to proportional attenuation of both the useful signal and
the jammer signal. Experimental validation conducted in a laboratory-simulated REW
environment confirms the reliability of the quadcopter's control link and the robustness
of the telemetry module. The derived mathematical models serve as a practical tool
for predicting UAV communication stability, optimizing telemetry channels, and im-
proving resilience in hostile electromagnetic environments.

Keywords: UAV telemetry, radio-electronic warfare, path loss, SNR, effective SNR, jamming,
communication modelling, Unmanned aerial vehicles, XBee PRO S2C, LiPo battery,
STM32 microcontroller, ESC, quadcopter, electronic warfare, signal power loss.

n recent years, the use of unmanned aerial vehicles (UAVS), particularly quadcop-

ters, in military conflicts has become one of the key factors transforming the nature
of modern warfare. UAVs represent one of the most rapidly evolving areas of contemporary
military technology and have been widely employed in various conflicts, including the Russia-
Ukraine war, the Karabakh war, and others. These drones not only increase the speed, pre-
cision, and effectiveness of operations but also provide significant advantages to military
forces [1].

Quadcopters, commonly known as four-rotor drones, have become ideal platforms in
modern conflicts due to their simple design, maneuverability, and ease of control. They are
primarily used for reconnaissance and surveillance, target identification and guidance, strike
and destruction missions, data transmission, and operational coordination. These systems
not only enhance operational effectiveness but also play a crucial role in minimizing person-
nel losses [2, 3, 4].

During the 2020 Karabakh war, the extensive and effective use of various types of
UAVs by Azerbaijan became one of the defining characteristics of the military operations.
Throughout the conflict, the Azerbaijani Armed Forces employed multiple UAV systems such
as Bayraktar TB2, Hermes-900, Hermes-450, Harop, and other strike and reconnaissance
drones. These UAVs were used for reconnaissance, precision strikes, battle damage as-
sessment and adjustment of artillery and aviation fire, laser designation, as well as decoy-
target operations. The Karabakh war clearly demonstrated that modern quadcopters and
other UAVs play a decisive role in military operations, and further development and wide-
spread application of such technologies is inevitable.

The main objective of this article is to design a quadcopter based on Raspberry Pi 4
using various modules and to develop a mathematical model of communication performance-
including signal power loss and signal-to-noise ratio (SNR) models-based on the telemetry
module used in the system.

To ensure the effectiveness and resilience of unmanned aerial vehicles (UAVS) under
conditions of radio-electronic warfare (REW), various technologies and strategies are em-
ployed. These strategies enhance UAV resistance against electronic interference and enable
them to successfully accomplish operational tasks. Several of these methods are outlined
below.

1. Frequency-Hopping Spread Spectrum (FHSS) technology protects communica-
tion links by continuously changing the carrier frequency according to a predefined se-
guence. This makes it difficult for the enemy to track or interfere with the signal [4].
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2. Direct-Sequence Spread Spectrum (DSSS) provides interference resistance by
spreading the signal over a wide spectrum and representing each bit with a spreading code.
As a result, the signal becomes less susceptible to noise and jamming.

3. Adaptive filtering technology is used in UAV communication systems to mitigate
interference. In this approach, optimal filter parameters are automatically adjusted to improve
signal quality [5,6].

4. Strong encryption systems  ensure the cybersecurity of UAV communication
links. Encryption prevents unauthorized access, data manipulation, and information theft.

5. Authentication protocols are applied to enhance the cybersecurity of UAV com-
munication systems. These protocols provide identity verification and mutual authentication
of both ends of the communication link.

6. Signal power loss refers to the degradation in signal strength during transmission
and is affected by environmental factors. The signal-to-noise ratio (SNR) represents the
ratio between signal power and noise power, where higher SNR values indicate better signal
quality [7, 8, 9].

Telemetry modules used in UAVs ensure that flight data collected onboard is trans-
mitted to the ground control station. These modules enable real-time monitoring and control
of UAV operations. Below is an overview of the widely used XBee PRO S2C telemetry mod-
ule and its behavior under radio-electronic warfare conditions [10, 11]. The XBee PRO S2C
module is considered resilient under REW due to the following characteristics:

1. Mesh networking : The XBee PRO S2C supports mesh network topology, allowing
multiple devices to remain interconnected. If one device fails, others can maintain network
continuity [12, 13, 14].

2. Frequency hopping : The module employs frequency-hopping techniques that
prevent interference and reduce the risk of signal loss.

3. High transmission power : With an output power of 63 mW, the module provides
stable long-range communication.

Additionally, Table 1 provides information on major UAV models used in various con-
flicts, their manufacturers, and their technical characteristics. These data illustrate how each
drone type is applied under specific combat conditions and highlight their operational ad-
vantages.

Table 1 — Characteristics of drones used in various military conflicts

Flight Max
. Drone Endurance Payload |Cameras & Other
Conflict Model Manufacturer R(inmg)e (hours) (Skrmc; (kg) Sensors Features
Russia— [Bayraktar [Turkey EOQ/IR, Autonomous
Ukraine ([TB2 150 27 222 55 |[laser flight mode,
designator [GPS
Orlan-10 Russia EO, Electronic
- 120 16 150 6 thermal warfare
camera capabilities
Switchblade [USA EO Portable loiter-
300 ing munition
- 10 0.5 160 0.3 (kamikaze
drone)
Libya Wing China 1500 20 370 200 EOQO/IR, Satellite-based
Loong Il radar control
MQ-9 USA EO/IR, Weaponizable,
- Reaper 1850 27 482 1700 |SAR radar |long-endurance
platform
Karabakh [Harop Israel EO Kamikaze
1000 6 185 23 dror_1e, effective
against enemy
radars
Heron Israel EO/IR, Autonomous
B 350 52 207 250 SAR radar [flight mode,
long-range
capability
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The data presented in Table 1 clearly illustrate the roles of drones deployed in various
wars and military operations. The technical specifications of the components used in these
drones are presented below (Table 2).

Table 2 — Technical specifications of components used in drones

Component Model Technical Specifications
TX/RX Module XBee PRO S2C Frequency: 2.4 GHz; Range: 1200 m; Tx Power: 63 mW;
Data Rate: 250 kbps; Network: Mesh, Point-to-Point
Battery LiPo 6S 1500mAh |Voltage: 22.2 V; Capacity: 1500 mAh; Max Discharge Rate:
100C 100C
ESC Readytosky 80A | Max Current: 80 A; Input Voltage: 2—6S LiPo (7.4-22.2 V);
2—6S BEC:5V/3A
Microcontroller STM32 CPU: 32-bit ARM Cortex-M4; Clock Speed: 168 MHz;
RAM: 192 KB; Flash Memory: 1 MB
Motors XING 2306 KV Rating: 1700 KV; Max Current: 35 A; Voltage: 3-6S LiPo
1700KV
Ground Control XBee PRO S2C Frequency: 2.4 GHz; Tx Power: 63 mW; Data Rate: 250 kbps;
Station Network: Mesh, Point-to-Point

The designed quadcopter ensures stable flight at distances of up to 2 km under radio-
electronic warfare conditions. The system employs the XBee PRO S2C telemetry module to
form the quadcopter’'s control architecture, providing stable and efficient command and moni-
toring capabilities.

Mathematical Model of the XBee PRO S2C Module Under  Radio-Electronic War-
fare Conditions : To construct a mathematical model of the XBee PRO S2C module operat-
ing under radio-electronic warfare (REW) conditions, two fundamental parameters must be
taken into account: path loss (PL) and the signal-to-noise ratio (SNR) . These models can
be used to evaluate how the quadcopter's communication system performs under varying
environmental and interference conditions [15, 16].

The calculation of Path Loss (PL) is performed as follows. First, using the Friis
transmission equation , the path loss (PL) is computed as:

EFGH B?1JKL8?G B?I1JKL8?M B?I1JKL8? NOPQ. (1)

Here, Gs the distance in meters, Ms the frequency in hertz, and Qs the speed of light,
@ R8%@BCD

Given that the operating frequency is 2.4 GHz (BN R 8%@BFand the speed of light is
@ R 89@BCequation (1) can be simplified as follows:

B?1JKL8?BON R 82 B?1JKL8? BON B?1JKL8? 8?° B?1JKL8? BON 8C? .
B? 1JKL8?BON T U9A
B?1JKL8?BON R 8?2VW  U9A 8C? 8CU9A
B?1JKL8? NO P @ R8?VC B? 1JKL8?NO 7 B?1JBR2 @ R 8?VC

B?1JKL8?NO T B?1JKL8?8B9XU T B8

B?1JKL8? @ R 8?VC B?I1JKL8?@ B?I1JKL8?8?VC WIXN 8A? 8AWIXN

B?1JKL8? NO P @R 8?VC B8 7 8AW9XN 78NC9XN
Thus, the expression for the Path Loss has been obtained as follows.

EFGH B?I1JKL8?G 8CU9A 7 8NC9XN

EFGH B?I1JKL8?G @W9?A 2
The following equation was used to calculate the Signal-to-Noise Ratio (SNR):
YZ[GH E GH\ 7 EFGH 7 ZGH\ : 3)

Here, Egdenotes the transmission power (dBm), EFrepresents the path loss (dB), and
Zis the noise level (dBm). Assuming the transmission power to be 18 dBm and the noise
level to be —100 dBm, equation (3) can be rewritten as follows:
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YZ[GH 8C 7 B?I1JKL8?G @W9?A 7 78?7
YZ[GH 8C 7 B?1JKL8?G 7 @W9?A 8?7,
YZ[GH UC9WN 7 B?1JKL8? G
The results of the SNR and Path Loss calculations as a function of distance are pre-
sented below (Table 3).

Table 3 — Results of SNR and Path Loss calculations

Distance (m) Path Loss (dB) SNR (dB)
100 79.06 38.94
200 85.08 32.92
300 88.60 29.40
400 91.10 26.90
500 93.04 24.96

Extended Mathematical Model Under Radio-Electronic Warfare (REW) Condi-
tions

In real radio-electronic warfare (REW) environments, the communication channel of
the quadcopter is additionally affected by intentional jamming signals. Therefore, beyond the
classical path loss and SNR models, it is hecessary to consider the impact of jamming power
and the resulting degradation in communication quality.

1. The received jamming power at distance d is calculated as:

E*"GH\ E].» "GH\ 7 EFGH
2. Jamming-to-Signal Ratio (JSR)
aY[GH E]J*GH\ 7 E]b GH\
3. Received signal power:
ElbGH\ E] GH\ 7 EFGH
4. Effective SNR under REW conditions:
YZ[[MM GH  YZ[GH 7 aY[GH
This expression shows how much the communication quality degrades when a jam-
ming source operates in the same frequency band as the telemetry module.

Table 4 — Communication parameters under REW conditions

Distance (m) | Path Loss (dB) | SNR (dB) | Jammer Pr (dBm) | JSR (dB) | Effective SNR (dB)
100 79.06 38.94 49.06 30.00 8.94
200 85.08 32.92 55.08 24.00 8.92
300 88.60 29.40 58.60 21.00 8.40
400 91.10 26.90 61.10 18.00 8.90
500 93.04 24.96 63.04 16.00 8.96

The mathematical model considered is used to evaluate the performance of the XBee
PRO S2C module under radio-electronic warfare (REW) conditions. These data indicate how
the quadcopter performs at different distances and how the SNR levels vary. The calcula-
tions show that as the distance increases, the Path Loss increases while the SNR decreas-
es, which demonstrates a degradation in communication quality as the quadcopter moves
farther away.

Path Loss : Path Loss varies depending on the distance and operating frequency for
each module. As the distance increases and the frequency becomes higher, the Path Loss
value increases accordingly. This represents the attenuation of the transmitted signal.

Signal-to-Noise Ratio (SNR) : The SNR values are determined by the difference be-
tween the received signal power and the noise level. The SNR indicates how much stronger
the signal is relative to the noise and reflects the accuracy and reliability of data transmis-
sion.
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Figure 1. illustrates the variation of the Effective Signal-to-Noise Ratio (cde g,,) with
respect to distance under radio-electronic warfare (REM) conditions. This graph is derived
directly from the numerical results presented in Table 4, which summarizes the Path Loss,
SNR, received jamming power, JSR, and the resulting Effective SNR for distances between
100 and 500 meters.

As shown in the figure, the Effective SNR remains within a narrow interval of approx-
imately 8.4—8.96 dB across all measured distances. Although the classical SNR decreases
significantly with increasing distance, the jamming-to-signal ratio (JSR) also decreases pro-
portionally due to greater attenuation of the jammer signal. The simultaneous reduction of
both signal and jammer powers causes the Effective SNR to remain nearly stable across the
entire range.

This behavior confirms the findings of Table 4, demonstrating that the XBee PRO
S2C telemetry module maintains a nearly constant communication quality even under hostile
electromagnetic conditions, ensuring reliable control of the quadcopter at distances up to 500
meters.

Figure 1 — Variation of the effective signal-to-noise ratio (cde ,¢) With respect to distance under
radio-electronic warfare (REM) conditions, based on the values presented in Table 4

Figure 2. Variation of the jamming-to-signal ratio (JSR) with distance, based on the
values presented in Table 4. The results show a steady decrease in JSR as the jammer sig-
nal experiences stronger attenuation over longer distances.

Figure 2 — Jamming-to-Signal Ratio vs Distance

Conclusion : This study developed and evaluated a comprehensive mathematical
model for analyzing UAV telemetry channel performance under radio-electronic warfare
(REW) conditions. By combining classical path loss and SNR formulations with an interfer-
ence-aware jamming model, the proposed framework provides an accurate representation of
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communication behavior in hostile electromagnetic environments. Experimental results ob-
tained using a quadcopter equipped with the XBee PRO S2C telemetry module demonstrate
that although the classical SNR decreases with distance, the effective SNR remains nearly
constant due to the simultaneous attenuation of both the signal and the jammer. This finding
confirms that the telemetry module retains a stable and reliable communication link even un-
der REW exposure.

The models derived in this work offer valuable predictive capabilities for assessing
UAV communication robustness, planning mission ranges, and optimizing telemetry systems de-
ployed in contested electromagnetic environments. The results highlight the importance of inter-
ference-aware modelling in the design of resilient UAV communication architectures and provide
a foundational basis for future research on adaptive and secure UAV telemetry systems.
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ETHODS OF DISTRIBUTING TOLERANCES IN SPRING SYSTEMS

Kheyrabadi Qazala Azerbaijan State University of Oil and Industry

Musavi Saida Azerbaijan State University of Oil and Industry

Abstract. A rational method for distributing tolerances on the size of wire and coil of spiral
springs is proposed. The distribution of tolerances on the width, thickness, and length
of flat springs is also Springs, as the simplest mechanical elements, are widely used.
Springs perform the following functions: soften shock loads; protect machines and
mechanisms from vibration; gradually transfer energy to the working mechanism, pre-
serving it; measure force through pedestrians; create a constant compressive force.
The main purpose of springs is to deform or bend under load and return to their origi-
nal shape when the load is removed. Coil springs with a coil angle of less than 150are
called tightly wound springs, and springs with a coil angle of 150 are called loosely
wound springs. Coil springs usually operate under forces that coincide with the direc-
tion of the spring axis and under the action of torques. Tightly wound springs usually
operate under axial tension, while loosely wound springs operate under compres-
sion.considered. Examples of solutions to similar problems and some conclusions are
given.

Keywords: spiral springs, tolerance distribution.

195



(# -25 4

I ntroduction

It's super hard to make springs with exact dimensions, so we need to set toleranc-
es for their sizes. There's no mention in the literature of any scientific methods for setting tol-
erances, and this paper is an attempt to fill that gap. A rational method for distributing toler-
ances in spiral and flat spiral springs is proposed after their nominal dimensions have been
determined by conventional methods.

Springs are usually designed to provide the required stiffness. In this case, the toler-
ances for the spring parameters must be such that the deviation from the required stiffness
value is zero or minimal. In addition, the stresses created in the spring material are sensitive
to their dimensions and, therefore, the tolerances must be distributed in such a way that the
stresses do not exceed a specified limit, say 1 % of the required value. Bearing in mind that
the tolerance values are distributed according to a random normal distribution, the probability
should be specified as a measure of the likelihood that the stress will not exceed the speci-
fied value (see Example 6 for confirmation of this assumption).

Theory

The following sections provide expressions for various cases that should be used
when assigning tolerance values. Tightly wound springs, being a special case of loosely
wound springs, are not considered separately.

Fig. 1 — Kinematic diagram of a spring

1. Loosely wound springs under axial load. Consider the spring shown in Fig. 1,
which is under the influence of its own load only, i.e.,¥ ? The spring constant K is deter-
mined by the formula [2]:

———— (1)
%SCE * 20 o o 1—5
— —
. . . 5.V .
where ceis the number of turns; R is the radius of the turn; 57 is the polar moment of
inertia; d is the wire diameter; S<— is the moment of inertia; ¢ is the modulus of rigidity; !

is the modulus of elasticity; Mis the épiral angle.
Equation (1) can be written as follows:

~ z. Y

E (2)
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3
where:
7 ° ¥ §
BOY 'Qi‘F@—Eg?Ri A—N;@if’
Then:
v ©r .. er ..

o G gl - 3)
where ™ , "G, and N[ are small changesin” , G and [ , respectively, and "G and "[ can be
considered tolerances for Gand [ . Substituting equation (2) into equation (3), we can write:

n Z. . z. Y.
= G7 = [ . 4)
When™ ? we have:
CH= (5)

Equation (5) defines the relationship between "G and [ and another ratio necessary
for their evaluation can be obtained from stress analysis. Considering bending and torsion
together, we obtain expressions for the maximum bending stress « and the maximum shear
stress = [2] in the form:

<-E

« =8 i (6)
<E
- (7)
Equation (6) can be rewritten as an equality:
MH7« 2?2, (8)
<-(E .
H T 8

Bearing in mind that equation (8) will be violated when the tolerance values for [ and
Gchange, we can write, defining the permissible deviation and probability:

@7« °?7?8« (say, with a probability of 99,99 %).
The above equality can be reduced to an equivalent deterministic form using the
probability determined by programming methods [3]:

3

H7878« TE#[2 #-G2§ 9)

where “ ,is a normal random variable corresponding to a given probability, which can also be
determined from statistical tables. Simplifying equation (9), we obtain:
3@ . St
[ ¢ =5 (10)
since, according to equation (8), H7« 7 .

The presence of the factor 8 | in the denominator of equation (10) confirms the
validity of the statement made immediately after deriving equation (7). [ and "G are deter-
mined from equations (5) and (10).

Below is a numerical example illustrating the approach described above.

Example 1. It is necessary to distribute tolerances in a loosely wound spring with the
following parameters:

G B?Y[ 8?2WY% E 8WABY% Y B? « 8N@ B
i @? ObK¥¥%EIE{ WW WW A
T ?2?2ABYY "G ??2?2W@ YaVa

%

Vs

Solution:
E X (from the tables for the given probability). From equation (10) we obtain:
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1T BBX'G ??BB@ %Y.
According to equation (5):
T ??2ABYYs and "G ? ?2?2W@ YaYa

Example 2. Find the tolerances for a tightly wound spring with the parameters from
the previous example.
Solution:

P ?

E X (from the tables for the given probability). From equation (10) we obtain:
1T BBX'G ??BB@ Y.
According to equation (5):
T ??2W@ Y%Y and "G ? ?8@WX Ya¥4
Changes in spring constant. Below we consider the change in spring constant K de-
pending on various tolerances for d and D. Note that using the spring constant C = D / d, we
can write equation (4) as follows:
- " S" Ny
= G7 - [ N¢
From equation (4a) it follows that for given values of C and spiral angle Mthe relation-
ship between ™ and tolerances "G "A s linear. To illustrate this, consider the following

example.
Example 3. Determine the relationship between NK and tolerances (Nd and ND )

for a spring with a constant © A and a spiral angle | @? , if the stiffness modulus
and elastic modulus of the spring material are equal to ’?’?C@RS‘?l/al/‘ll/4 and

?BR87 1/31/41/4 .respectively.

Solution: A

Using the expression for A given in equation (2), we find:
A WAW BX

Case1:"A 2 )

When~ changes, we obtain ™ 5—,"G SN@ X "G .

This relationship is shown by line 1 in Fig. 2.

Fig. 2 —When changing K
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3
Case2:'G ? . .
When~ changes, we obtain ™~ i—y[ @XCW T
The change in™ depending on the change in [ is shown by line 2 in Fig. 2.

Case 3: According to equation (4a), the combined effect of ‘G and [ on ™ can be
expressed as follows:

i 7 Ns.

The values of ™ and ™ for any values of "G, [ , and ™ can be determined from
Fig. 2; the total change in spring stiffness is determined by algebraic summation of these
values.

Equation (4a) and the graph in Fig. 2 show that for practical values of A A A8 A, the
spring stiffness is more sensitive to changes in Gthan to changes in[ or A..

2. Loosely wound springs under the action of axial moments of forces. For the spring
shown in Fig. 1, at P=0, the torsional stiffness is determined by the formula (2):

~ z. Y

=, (11)
where:
? e ¥ 8
820 o T—18
Further
As can be seen, equation (11) differs from equation (2) for the case of axial loading:
v~ iz . 7. Y.
= G7 e [, (12)
For:
- L.
? G e [W. (13)
Considering bending and torsion together, we obtain:
« ;—k 8 ¥ , (14)
<k
0oz (15)

where T is the axial torque.
Repeating the derivation of equations (8) — (10), we can write:

3

A7872 TE+2G2 #2258 2, (16)
where:
A S<—k 8 ¥
Simplifying equation (16), we obtain:
. Sy
G 5 1cEe a7)

Equations (17) and (13) directly determine the tolerances for the wire and coil dimen-
sions.
Example 4. It is necessary to distribute tolerances in a loosely wound spring with the
following parameters:
Y 8B G 8?EE[ X?EE E UCNC%% EE @? |,

I ?BR8? <1/3EE « C?NN 1/3EE ObK¥¢ Y4EIE{ WW WW A
Solution:
For probability 99,99 % § X . From equation (17), we define:

G ???UBEE.
199



(# -25 4

From equation (13), we define:
[ ?8?CEE

Example 5. Distribute the tolerances for a loosely wound spring with the parameters
from the previous example.
Solution:

P ?

Then, from equation (17), we obtain:
G ???AUSEE
Therefore:
[ ?8EE

Change in probability. Equation (17) shows that when an axial torque acts on a spiral
spring, the stress caused by it does not depend on changes in the average diameter of the
spring coils [ , but depends on the diameter of the wire. It also follows that changes in the
normalized random variable P are inversely proportional to the tolerance "G. As this toler-
ance increases, P decreases, i.e., the probability that the stress will not change by more than
0.01 from the nominal value drops sharply. This statement is illustrated by the following nu-
merical example.

Example 6. Determine the probability that the specified voltage: « 8NU B 1/31/41/4 .

Will not change by more than 1 % for a coil spring with parameters | @? | @? ,
G 87? Y4¥ , with changes in wire diameter of 0,05 mm and 0,1 mm.

Solution:

For "G ??X mm, according to equation (17), we obtain 8 ??X ..

The probability corresponding to E 8 ??X, determined from statistical tables, is
0,8413 or 84,13 %.

For "G 7?8 mm, according to equation (17), we obtain § 2 X??B .The probability
corresponding to the given normalized random variable is 0,6915 or 69,15 %.

Note that when the tolerance is increased from 0,05 to 0,1 mm, the probability that
the specified voltage will not increase by more than 1 % decreases from 84,13 to 69,15 %,
i.e., it changes by 15 %.

Fig. 3 shows the overall change in E as a function of "G for a coil spring under axial
torque. For a coil spring under axial load, the following relationship applies, which can be ob-
tained from equation (10):

3
- cm w8 =,
.E .m .E
where & - is a normalized random variable when considering tolerances "G and [ ; simul-
taneously; &, is a normalized random variable corresponding to the probability that:

Fig. 3 — Total change in § as a function of "G for a spiral spring under the action of axial torque
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The stress « will not exceed the specified value if only [ is taken into account (i.e.,
for the case "G ? ), and the random variable E_corresponds to the case [ ?

3. Flat spiral spring. A flat spiral spring is shown schematically in Fig. 4. The angle of
rotation = is determined by formula (1).

Fig. 4 — Kinematic diagram of a flat spiral spring

1 x€

i’ (18)
where | is the torque, is the moment of inertia of the cross-section, F is the length of the
spring, and ! is the modulus of elasticity:

-l 0 dec
) € €’
where b is the width of the spring strip, and t is its thickness:
n I & &M &
¢¥% "7 & Fn
For™ ? , we obtain:
Y @Y% %F (19)
The maximum bending stress value is determined by the formula:
« % (20)
Repeating the derivation of equations (8) — (10), we can write:
@787D« 7TEE%O RZ0s 2, (1)
where Ocharacterizes the deviation Odue to the presence of tolerances, and A i&mx.
From equation (21) it follows that:
’y.. < ~ .- < A . m
=0 NB%O s |& 5. (22)

Since there are three unknowns b, t and L and two equations (19) — (20), it is possible
to ensure an acceptable tolerance for the smallest dimension, i.e., t, and determine the re-
maining tolerances.

Example 7. It is necessary to distribute tolerances in a strip coil spring with the follow-
ing parameters:

% B?YaYs ?XYisF A???Yi4E UCNCY% Yi¥s « XCCA 72, .
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I @7?AAY21,, OD 27?8 (00bKobE:'?8 A

Solution:

Let © ???8 mm. Then, according to equation (22), we obtain "% ? 888 mm.
Finally, from equation (19), we determine 'F U AC mm.

Conclusions

1. A method for distributing tolerances is proposed for the first time.

2. Examples 1 and 2 show that in the case of axial loads, tolerances in loosely wound
springs should be more stringent than in tightly wound springs.

3. On the other hand, examples 4 and 5 show that in the case of loosely wound
springs, the torsional moments are larger.

4. Similarly, the tolerance for the spiral angle Mcan be considered by adding

the term ©.©_—,]., to the right-hand side of equation (3), but this value can be specified so that

the proposed method can be used to determine the tolerances for Gand [ There is no need
to take | into account when distributing tolerances, since it is already included as a compo-
nent of the parameter G in equation (2). Since the spring material is considered homogene-
ous, E and G are considered constant.
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