
































 

 

 

 
Fig. 13(a) results from computerized simulation for C1, C2, C3, X1, X2 and X3 of Ex. 4 (ideal saturation). 

 
 
 

 
Fig. 13(b) results from SIMULINK and for C1, C2, C3, X1, X2 and X3 of Ex. 4 (ideal saturation).
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Table 5(a): Comparison of results obtained through graphical analysis, computer simulation, and MATLAB Simulink 
Toolbox for Example 1 with rectangular hysteresis nonlinearity. 

 

Sl. 

No 
Methods C1 C2 C3 X1 X2 X3  

1 Graphical 3.57 1.00 1.00 3.65 3.76 3.99 0.63 

2 Computerized 
Simulation 3.02 0.75 1.30 3.00 3.48 3.50 0.63 

3 Using SIMULINK  3.10 1.50 1.30 3.50 3.50 3.50 0.60 

 
Table 5(b): Comparison of results obtained through graphical analysis, computer simulation, and MATLAB Simulink 
Toolbox for Example 2. 

 

 
 
Table 5(c): Comparison of results obtained through graphical analysis, computer simulation, and MATLAB Simulink 
Toolbox for Example 4. 
 

 
 

Sl. 

No 
Methods C1 C2 C3 X1 X2 X3  

1 Graphical 2.94 1.00 1.00 3.00 3.20 3.37 0.57 

2 Computerized 
Simulation 2.80 0.31 1.10 2.80 2.70 2.60 0.62 

3 Use of  
SIMULINK  3.40 1.00 0.70 3.20 3.40 3.70 0.60 

Sl. 

No 
Methods C1 C2 C3 X1 X2 X3  

1 Graphical 4.9 1.1 1.0 5.1 5.1 5.1 0.82 

2 Computerized 
Simulation 4.8 1.1 1.1 5.0 4.8 4.9 0.65 

3 Use of  
SIMULINK  5.0 1.0 1.2 5.0 5.0 5.0 0.63 
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3. Signal Stabilization in 3×3 Nonlinear 

System 

3.1 Using Deterministic Signal 

When it is confirmed that the system shown in Figure 1 with 
Examples 1 & 2 exhibits an LC in the autonomous state (U=0), 
quenching/mitigation of the limit cycling oscillations has been 
examined by applying high frequency (HF) signals, normally 
more than 10 times of s [5], at any one input or/and all three 

input points (U1, U2, U3). When the amplitude of the sinusoidal 
input B1 sin ft is gradually increased while keeping the 
amplitudes of the forcing signals B2 sin ft and B3 sin ft fixed 
or at zero, the system begins to exhibit complex oscillatory 
behavior. [39]. The dependent variables at various points in the 
system will include signals at the forcing input frequency f and 
the self-oscillation frequency s and their combined 
frequencies, expressed as k1f±k2s, where k1 and k2 are 
integers [39]. 
In the second scenario, where all three inputs (U1, U2, and U3) 
are identical (B sin (ft), as depicted in Figures 14(a), 14(b), 
and 14(c) for Ex. 1, 2, and 4, respectively, we gradually increase 
the amplitude (B). This resulted in a gradual change in the self- 
oscillation frequency (ωs). Eventually, the system synchronized 
with the forcing frequency (ωf), effectively quenching the self-
oscillation and leading to forced oscillations at ωf. 

 
 
Fig. 14 (a) the equivalent representation of the Figure 1 system, used 
in Ex. 1 (rectangular hysteresis) designed to achieve forced oscillations 
(signal stabilization) through a deterministic input. 
 
 

 
 

 
Fig. 14 (b) the equivalent representation of the Figure 1 system, used 
in Ex. 2 (backlash) designed to achieve forced oscillations (signal 
stabilization) through a deterministic input. 
 

 
Fig. 14(c) representation of an equivalent System of Fig. 1 for signal 
stabilization by 5 sin ωft for Ex. 4 (Ideal Saturation) where ωf = 6.5 
rad/sec. 
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The block diagram for signal stabilization by deterministic 

and result/images for Ex. 4 are shown in Fig. 14(c) and Fig. 17, 
respectively. Computerized simulation yields results/images for 
signal stabilization under deterministic input signals of 
Examples 1 & 2 are shown in Figures 15 & 16, respectively.  

The steady-state values C1ss, C2ss, C3ss and X1ss, X2ss, X3ss are 
shown with their corresponding frequencies, , which closely 
approximates f. 

 

 
Fig. 15 ex. 1 (rectangular hysteresis) demonstrates forced oscillations 
achieved through signal stabilization using a deterministic input: U = 
5sin (ωft), where ωf = 8.0 rad/sec. 

 
 
 

 
Fig. 16: Ex. 2 (backlash) demonstrates forced oscillations achieved 
through signal stabilization using a deterministic input: U = 5 sin (ωft), 
where ωf = 10.0 rad/sec. 

 
 
 

 

 
 

Fig. 17 ex. 4 (ideal saturation) demonstrates forced oscillations 
achieved through signal stabilization using a deterministic input: U = 
5 sin (ωft), where ωf = 6.5 rad/sec. 

 

3.2 Using Gaussian Signals 

While stabilization of SISO nonlinear systems subjected to 
random input signals has been explored [45, 47, 48], and current 
research emphasizes robustness in the presence of uncertainty, 
signal stabilization with random signals for memory 
multivariable nonlinear systems, also in 2×2 systems, was 
previously lacking [40, 49]. This work aims to address this gap 
by investigating limit cycle quenching in a 3×3 nonlinear 
system using a random signal. 
Revisiting Examples 1 and 2, these systems exhibit limit cycles 
(LC) in their autonomous states. A Gaussian signal with 
specified mean (𝜇) and variance (𝜙) is applied to inputs U1, U2 
& U3 of the subsystems to stabilize the system by suppressing 
the self-sustained oscillations. At appropriate values of 𝜇 and 𝜙, 
the self-sustained oscillations disappear, and the system 
synchronizes to the high-frequency forcing input. 

Figures 18(a) and 18(b) show the block diagram with a 
Gaussian signal (𝜇 = 60, 𝜙 = 0.05) and the result of forced 
oscillations for Ex. 1, respectively. Figures 19(a) and 19(b) 
show the block diagram with Gaussian stabilizing signal (𝜇 = 
300, 𝜙 = 0.025) and the results of forced oscillations for Ex. 2, 
respectively. Figures 20(a) and 20(b) show the block diagram 
with stabilizing Gaussian signal (𝜇 = 60, 𝜙 = 05) and the results 
of forced oscillations for Ex. 4, respectively. Figures 21(a) and 
21(b) show the block diagram with Gaussian stabilizing signal 
(𝜇 = 300 and 𝜙 = 0.25) and the results of forced oscillations for 
Ex. 4, respectively. 
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Fig. 18(a) forced oscillation (signal stabilization) of the equivalent 
system in Figure 1, with a Gaussian input signal: 𝜇 60, 𝜙 0.05 (Ex. 1: 
rectangular hysteresis). 

 

 
 

Fig. 18(b) forced oscillations in Ex. 1 (rectangular hysteresis) with 
signal stabilization, driven by a Gaussian input (𝜇 60, 𝜙 0.05). 

 
 
 
 
 
 
 

 
 

 
Fig. 19(a) forced oscillation (signal stabilization) of the equivalent 
system in Figure 1, with a Gaussian input signal: 𝜇 300, 𝜙 0.025 (Ex. 
2: backlash). 

 

 
Fig. 19(b) simulating forced oscillations via signal stabilization, 
employing a Gaussian input signal (𝜇 300, 𝜙 0.025), applied to Ex. 2 
(backlash). Results showing fully stabilized but ripples present after t 
> 3000 sec. 
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Fig. 20(a) representation the equivalent system of Fig. 1 for signal 
stabilization by Gaussian signal: 𝜇 = 60, 𝜙 = 0.05 for Ex. 4 (ideal 
saturation). 

 

 
 

Fig. 20(b) shows the results/images corresponding to the system of Fig. 
20(a) Ex.4 (ideal saturation) 

 
 
 

 
 
 
 

 
 

Fig. 21(a) representation the equivalent system of Fig. 1 for signal 
stabilization by Gaussian signal: 𝜇 = 300, 𝜙 = 0.025 for Ex. 4 (ideal 
saturation). 

 
 

 
 
 
 

Fig. 21(b) shows the results/images corresponding to the system of Fig. 
21(a) for Ex.4 (ideal saturation). 
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4. Signal Stabilization with Deadbeat 

Control 

The process of signal stabilization is a type of response that 
exhibits both transients and steady states. Of course, with the 
proper amplitude of the dither signal, the synchronizing 
frequency should be the frequency of the dither signal at the 
steady state. However, the signal stabilization process is made 
faster, and, in the minimum time, the steady-state synchronized 
value is determined without the transients and any steady-state 
error by a discrete signal, which is termed the edged deadbeat 
approach of response. 
A system in the digital domain represented by its pulse 
transform function (Z-transform function) that has all poles at 
the origin i.e. at z = 0, is termed as deadbeat [60]. 
Consider a system as shown in Fig. 22. 
 

 
 
 
Fig. 22 a simple model of a digital controller with unity feedback 

4.1 Signal stabilization by deterministic signal 

with deadbeat control  

M(z) = Closed loop transfer function = 𝐶(𝑧)

𝑅(𝑧)
=

1

𝑍𝑛 in order to 
have deadbeat response [61]. 
Z[B sin ωft] = 

B z sin ω𝑓T

𝑧2−2𝑧 cos ω𝑓T+1
, here n=1.  

Where n=No. of excess poles than zeroes. 
Hence 1

𝑍𝑛 = 1

𝑍1 =  𝑧−1. In the use of SIMULINK Toolbox a 𝑧−1 
signal is to be multiplied with the stabilized/synchronized 
output as shown in Fig. 23(a), and 24(a) for Examples 1 & 2, 
respectively. 
In the signal stabilization the deterministic input signal is B sin 
ωft. 
Fig. 23(a) represents an equivalent system of Fig. 1 for signal 
stabilization by 5 sin ωft with deadbeat control for Ex. 1, where 
ωf = 8.0 rad/sec. 
Fig. 23(b) shows the results/images corresponding to the system 
of Fig. 23(a) for Ex. 1 (rectangular hysteresis). 
Fig. 24(a) represents an equivalent system of Fig. 1 for signal 
stabilization by 5 sin ωft with deadbeat control for Ex. 2 where 
ωf = 10.0 rad/sec. 
Fig. 24(b) shows the results/images corresponding to the system 
of Fig. 24(a) for Ex. 2 (backlash). 
 
 
 
 
 

 
 
 
 
 

 
 
 
Fig. 23(a) representation of an equivalent system of Fig. 1 for signal 
stabilization by 5 sin ωft with deadbeat control for Ex. 1 (rectangular 
hysteresis) where ωf = 8.0 rad/sec 
 
 

 
 
Fig. 23(b) shows the results/images corresponding to the system of Fig. 
23(a) (rectangular hysteresis). 
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Fig. 24(a) representation of an equivalent system of Fig. 1 for signal 
stabilization by 5 sin ωft with deadbeat control for Ex. 2 (backlash) 
where ωf = 10.0 rad/sec. 
 

 
 
Fig. 24(b) shows the results/images corresponding to the system of Fig. 
24(a) (backlash). 
 
 
 
 
 

 
 
 
4.2 Signal stabilization by Gaussian signal with 

deadbeat control 
Fig. 25(a) represents the equivalent system of Fig. 1 for signal 
stabilization by Gaussian signal: 𝜇 = 60, 𝜙 = 0.05 with deadbeat 
control for Ex. 1. 
Fig. 25(b) shows the results/images corresponding to the system 
of Fig. 25(a) for Ex. 1.  
Fig. 26(a) represents the equivalent system of Fig. 1 for signal 
stabilization by Gaussian signal: 𝜇 = 300, 𝜙 = 0.025 with 
deadbeat control for Ex. 2. 
Fig. 26(b) shows the results/images corresponding to the system 
of Fig. 26(a) for Ex. 2 (backlash). 
Fig. 27(a) represents the equivalent system of Fig. 1 for signal 
stabilization by Gaussian signal: 𝜇 = 60, 𝜙 = 0.5 with deadbeat 
control for Ex. 4 (ideal saturation).  

 
 

 
 
 

Fig. 25(a) representation of an equivalent system of Fig. 1 for signal 
stabilization by 5 sin ωft with deadbeat control for Ex. 4 (ideal 
saturation) where ωf = 6.5 rad/sec. 
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Fig. 25(b) shows the results/images corresponding to the system of Fig. 
25(a) (ideal saturation), 

 
 
Fig. 26(a) representation the equivalent system of Fig. 1 for signal 
stabilization by Gaussian signal: 𝜇 = 60, 𝜙 = 0.05 with deadbeat 
control for Ex. 1 (rectangular hysteresis). 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
Fig. 26(b) shows the results/images corresponding to the system of Fig. 
26(a). 
 

 
 
Fig. 27(a) representation the equivalent system of Fig. 1 for signal 
stabilization by Gaussian signal: 𝜇 = 300, 𝜙 = 0.025 with deadbeat 
control for Ex. 2 (backlash). 
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Fig. 27(b) shows the results/images corresponding to the system of Fig. 
27(a) for Ex.2 (backlash). 
 

 
 
 
Fig. 28(a) representation the equivalent system of Fig. 1 for signal 
stabilization by Gaussian signal: 𝜇 = 60, 𝜙 = 0.05 with deadbeat 
control for Ex. 4 (ideal saturation). 
 
 
 
 
 
 

 

 
 
Fig. 28(b) shows the results/images corresponding to the system of Fig. 
28(a) for Ex.4 (ideal saturation). 
 

 
 
Fig. 29(a) representation the equivalent system of Fig. 1 for signal 
stabilization by Gaussian signal: 𝜇 = 300, 𝜙 = 0.025 with deadbeat 
control for Ex. 4 (ideal saturation). 
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Fig. 29(b) shows the results/images corresponding to the system of Fig. 
29(a) for Ex.4 (ideal saturation). 

5. Comparison of Results 

5.1 Comparison 1 

Comparison of results for signal stabilization by deterministic 
signals with the results obtained by 5 sin ωft for Ex. 1., Ex. 2, 
& Ex. 3 with the results obtained by signal stabilization with 
that of deadbeat control where ωf = 8 rad/sec. / ωf =10 rad/sec / 
ωf =6.5 rad/sec. 

5.2 Comparison 2 

Comparison of Results for Signal Stabilization by Gaussian 
Signals with the 𝜇 = 60, variance = 0.05 and by Gaussian signals 
with 𝜇 = 300, variance = 0.025 with the results obtained by 
Gaussian signals with deadbeat control for Ex. 1., Ex. 2., & Ex. 
3. 

5.3 Observation and Discussion 

Observation of results/images of Fig. 15, Fig. 16 and Fig. 17 
(signal stabilization by deterministic signals) and also 
results/images of Fig. 18(b), Fig. 19(b), Fig. 20(b) and Fig. 
21(b) (signal stabilization by Gaussian signals) content 
transients and ripples up to 40 – 400 seconds. 
Observation of results/images of Fig. 23(b), Fig. 24(b), and Fig. 
25(b) (signal stabilization by deterministic signals using digital 
control with deadbeat approach) and also results/images of Fig. 
26(b), Fig. 27(b), Fig. 28(b), and Fig. 29(b) (signal stabilization 
by Gaussian signals using digital control with deadbeat 
approach) display transient free, ripple free, almost 
instant/immediate response (takes almost zero time).  
Comparison of these two sets of results encourages one to 
implement this in the real process of load frequency operation 

6. Conclusion 

Digital and discrete systems, despite potential drawbacks like 
inaccuracy and the risk of aliasing if sampling theorem 
deviations occur, are widely preferred and adopted. This 
preference is because of a greater technical advantage in having 
deadbeat response. A deadbeat response offers several 

significant benefits: it's transient-free, exhibits no steady-state 
error, and is ripple-free, leading to a much faster overall 
response. In our current work on signal stabilization using 
deadbeat control, we've observed remarkable improvements in 
both accuracy and speed for both deterministic and Gaussian 
signals. This exceptionally fast response could particularly 
encourage researchers to explore its real-time application in 
load frequency control. 

The novelty in the present work opens an eye to using signal 
stabilization with deadbeat control in the case where the 
backlash type is an inherent characteristic of the device, like 
governors. It is a common practice to have load frequency 
control using the governors. Backlash nonlinearity is 
ineluctable in governors, the presence of which causes the 
exhibition of limit cycling (LC) oscillations that affect the load 
frequency control. In such a case to quench/mitigate the LC, 
signal stabilization may be opted for. It may demand signal 
stabilization with deadbeat control in real-time implementation. 
If so, like the most modern practice of robust design, signal 
stabilization by random (Gaussian) signals with deadbeat 
control may be preferred so that real-time implementation can 
be possible. 
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