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Introduction to Unity Feedback Control Systems

Definition and Basic Concept
A unity feedback control system is one where the output is fed back directly without any
modification, meaning the feedback transfer function is unity (G_f(s) = 1). Such systems are
widely studied because they simplify analysis and design, providing a clear understanding
of the plant's behavior and how input signals are processed through the system.

Importance of Transfer Functions in Control Systems
Transfer functions describe the relationship between the input and output of a system in
the Laplace domain. They provide insights into system stability, transient response, and
steady-state error, serving as fundamental tools for control system analysis.

---

Understanding the Given System G(s)

Expression for G(s)
The system transfer function is given as:

G(s) = K(s + 6) / [(s + 2)(s + 3)(s + 5)]

Note: The original expression appears to have a typo with "(5+2)"; assuming it means (s +
2).



Components of the Transfer Function
- Numerator: K(s + 6) — a zero at s = -6
- Denominator: (s + 2)(s + 3)(s + 5) — poles at s = -2, s = -3, s = -5
- Gain K: a positive scalar that can be adjusted to influence system response

Physical Interpretation
- The zero at s = -6 tends to accelerate the response.
- The poles at s = -2, -3, -5 introduce system dynamics that influence stability and transient
behavior.
- The placement of these poles and zeros determines whether the system is overdamped,
underdamped, or marginally stable.

---

Dominant Poles in Control Systems

Definition of Dominant Poles
Dominant poles are the poles of a transfer function that primarily influence the system’s
transient response. They are typically the poles closest to the imaginary axis in the s-plane.
Their effect is more pronounced, dictating the overall speed, overshoot, and damping
characteristics.

Criteria for Dominant Poles
- Poles with the smallest magnitude real parts tend to dominate.
- Poles that are well separated from the others have a more significant influence.
- The combined effect of these poles shapes the transient response before the system
reaches steady-state.

Significance in System Design and Analysis
Understanding which poles are dominant helps engineers:
- Simplify complex transfer functions for approximate analysis.
- Design controllers to modify dominant pole locations for desired transient behavior.
- Predict system stability and performance.

---

Analyzing the System for Dominant Behavior



Step 1: Identify Poles and Zeros
- Zeros: s = -6
- Poles: s = -2, -3, -5

Step 2: Determine Relative Locations of Poles
- The poles are at -2, -3, -5.
- The zero at -6 is further to the left, away from the imaginary axis.

Step 3: Assess Which Poles Are Dominant
- Since the pole at s = -2 is closest to the imaginary axis, it will dominate the transient
response.
- The poles at -3 and -5 are further left and thus have less influence on the transient
behavior.

Step 4: Approximate System Behavior
- The dynamics are primarily governed by the pole at s = -2.
- The presence of other poles introduces minor effects, allowing for a dominant pole
approximation.

Step 5: Influence of Gain K
- The gain K affects the system’s stability margins and transient response.
- Increasing K can push the system toward instability if the poles cross into the right-half
plane.
- For a dominant pole system, K is often tuned so that the dominant pole remains at a
desired location.

---

Stability Analysis of the System

Conditions for Stability
- All poles must have negative real parts.
- The system becomes unstable if any pole crosses into the right-half plane.

Effect of Gain K on Stability
- As K increases, poles may shift.
- The system is stable for certain ranges of K where all poles remain in the left-half plane.



Determining the Range of K for Stability
- Use Routh-Hurwitz criterion on the characteristic equation:

1 + G(s) = 0

- Substituting G(s):

1 + [K(s+6)] / [(s+2)(s+3)(s+5)] = 0

- Cross-multiplied:

(s+2)(s+3)(s+5) + K(s+6) = 0

- Expand:

(s+2)(s+3)(s+5) = (s+2)[(s+3)(s+5)] = (s+2)(s^2 + 8s + 15) = s^3 + 10s^2 + 31s + 30

- Characteristic equation:

s^3 + 10s^2 + 31s + 30 + K(s + 6) = 0

=> s^3 + 10s^2 + 31s + 30 + Ks + 6K = 0

=> s^3 + 10s^2 + (31 + K)s + (30 + 6K) = 0

- Applying Routh-Hurwitz to find the stability limits with respect to K.

---

Design Implications and Practical Considerations

Choosing the Gain K
- The value of K influences the speed and damping ratio.
- For a dominant pole system, K is selected to place the dominant pole at a desired location.

Transient Response Characteristics
- Faster response with higher K, but risk of overshoot and instability.
- Slower response with lower K, leading to more damping.

Trade-offs in System Design
- Achieving a balance between response speed and stability.
- Ensuring the dominant pole governs the response without destabilizing the system.



Use of Approximate Methods
- Dominant pole approximation simplifies the analysis and controller design.
- Effective when the other poles are significantly farther from the imaginary axis.

---

Conclusion
The analysis of the unity feedback system with the given transfer function G(s) reveals that
it operates with a dominant pole at s = -2. This dominant pole primarily shapes the
transient response, dictating how quickly and smoothly the system reaches its steady-state.
Understanding the placement and influence of the poles and zeros allows control engineers
to tune the gain K and other system parameters to achieve desired performance objectives.
Stability considerations, especially with respect to the gain K, are crucial to maintaining
system stability while optimizing transient response. By focusing on the dominant pole,
simplified models and approximations become possible, facilitating effective control system
design and analysis.

This in-depth understanding underscores the importance of pole-zero placement and the
concept of dominance in control system behavior, enabling engineers to craft systems that
meet rigorous performance and stability criteria.

Frequently Asked Questions

What is the significance of the transfer function G(s) =
K(s+6)/[(s+2)(s+3)(s+5)] in the unity feedback system
shown in Figure P9.1?
The transfer function G(s) characterizes the open-loop behavior of the system, indicating
how the input signal is transformed before feedback. It helps analyze stability, transient
response, and steady-state performance of the system.

How do you determine if the system is operating with a
dominant pole configuration?
A system operates with dominant poles when the poles closest to the imaginary axis
primarily influence the transient response, typically when one or two poles are much closer
to the imaginary axis than the others, leading to a simplified second-order approximation.

What role does the gain K play in the stability and
response of the system?
The gain K affects the system's stability margins and transient response. Increasing K can
lead to reduced rise time but may also cause overshoot or instability if it pushes the system



beyond its stability limit.

How can Bode plots be used to analyze the stability of
this unity feedback system?
Bode plots help assess gain margin and phase margin by illustrating the frequency
response of G(s). They reveal how close the system is to instability and help determine the
range of K for stable operation.

What is the impact of the pole at s = -2, s = -3, and s =
-5 on the system's transient response?
These poles determine the speed and damping of the system's response. Poles farther to
the left (more negative real part) result in faster responses, while those closer to the
imaginary axis cause slower, more oscillatory behavior.

How do you find the critical gain K for the system to
reach the stability limit?
The critical gain is found by analyzing the phase crossover frequency where the magnitude
of G(s) equals 1 (0 dB) and the phase is -180°, typically using Bode plots or root locus
methods to identify the gain at which the system becomes marginally stable.

If the system is operating with a dominant pole, what
are the typical characteristics of its transient response?
A dominant pole system exhibits a second-order-like response characterized by a slower
rise time, potential overshoot, and oscillations that decay over time, with higher order poles
having minimal influence on the overall response.

How does the value of K affect the position of the
system poles and the overall stability?
Adjusting K shifts the closed-loop poles in the s-plane. Increasing K can move poles closer
to the imaginary axis, potentially causing instability, whereas decreasing K generally
enhances stability but may slow the response.

What techniques can be used to verify if the system
operates with a dominant pole configuration?
Methods include root locus analysis, Bode plot examination, and pole-zero plots. These
techniques help identify the location of poles relative to each other and confirm if one or
two dominate the transient response.
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In the realm of control systems engineering, the behavior and stability of a system are
often dictated by the characteristics of its transfer function and the interplay of its poles
and zeros. The system depicted in Figure P9.1, featuring a unity feedback configuration
with a specific forward path transfer function G(s) = K(s+6) / (5+2)(s+3)(s+5), provides a
rich case study for understanding how dominant poles influence system dynamics. This
article delves into the core concepts surrounding such a control system, exploring the
implications of its transfer function, the significance of dominant poles, and the practical
considerations engineers must keep in mind when analyzing and designing for such
systems.

Understanding the System Configuration and
Transfer Function

The Unity Feedback Architecture

The system in question employs a unity feedback configuration—a common architecture in
control engineering—where the output is fed back directly to the input through a simple
unity gain. This setup simplifies analysis and is often used in applications requiring precise
regulation of system output.

In such a system, the overall transfer function T(s), which relates the input R(s) to the
output Y(s), is given by:

\[ T(s) = \frac{G(s)}{1 + G(s)} \]

where G(s) is the forward path transfer function. Since the feedback is unity (H(s) = 1), the
closed-loop transfer function simplifies to this form, emphasizing the importance of G(s) in
determining the system’s response characteristics.

The Transfer Function G(s): Structure and Significance

The given transfer function is:

\[ G(s) = \frac{K(s+6)}{(5+2)(s+3)(s+5)} \]

At first glance, this expression appears straightforward; however, a closer look reveals
nuances:

- Numerator: \( K(s+6) \) introduces a zero at \( s = -6 \) and a gain factor \( K \).



- Denominator: The constants \( (5+2) \), \( (s+3) \), and \( (s+5) \) form the poles of the
system, with fixed poles at \( s = -3 \) and \( s = -5 \), and a gain factor from \( 5+2 \) which
simplifies to 7.

Rewriting G(s) explicitly:

\[ G(s) = \frac{K(s+6)}{7(s+3)(s+5)} \]

This transfer function encapsulates the dynamics of the system, where the zeros and poles
define the system's transient and steady-state behavior. The position of these poles relative
to the imaginary axis indicates the stability properties, while the zero influences the
transient response.

Dominant Poles and Their Role in System
Behavior

What Are Dominant Poles?

In control systems, the term dominant poles refers to those poles of the transfer function
that predominantly determine the system’s transient response. They are typically
characterized by their proximity to the imaginary axis—closer poles result in slower decay
and longer-lasting oscillations—and their influence on the shape and speed of the output
response.

When a system has multiple poles, some may be much further to the left in the s-plane
(indicating faster decay) than others. The poles closest to the imaginary axis, especially
those near the imaginary axis and with comparable magnitudes, dominate the transient
response, dictating aspects such as rise time, overshoot, and settling time.

Identifying the Dominant Poles in G(s)

Given G(s):

\[ G(s) = \frac{K(s+6)}{7(s+3)(s+5)} \]

the poles are at:

- \( s = -3 \)
- \( s = -5 \)

and the zero at \( s = -6 \).

Since the zero is at \( -6 \), it influences the initial transient response but does not affect
stability directly. The poles at \( -3 \) and \( -5 \) are both real and negative, indicating a



stable system. However, the pole at \( s = -3 \) is closer to the imaginary axis than \( s = -5
\), meaning it has a more significant impact on the transient response—this is the pole that
is typically considered the dominant pole.

When additional parameters like the gain \( K \) are varied, the system's overall behavior
can shift, potentially causing the dominant pole to move or change the system's pole-zero
configuration to produce different responses.

Operating with a Dominant Pole: Implications for
System Dynamics

Why Does Dominance Matter?

Understanding whether a system operates with a dominant pole is crucial for control
engineers. When a single pole (or a pair of complex conjugate poles) dominates the
response, the system exhibits predictable and manageable transient behavior. This
simplification allows engineers to approximate the system's response using second-order
system models, facilitating easier analysis and controller design.

Conversely, if no clear dominant pole exists—i.e., multiple poles are close to the imaginary
axis or have similar magnitudes—the system's response becomes more complex, possibly
exhibiting overshoot, oscillations, or sluggishness that complicate control efforts.

In our case, with the pole at \( s = -3 \) being dominant, the system’s transient response
can be approximated by a second-order model characterized primarily by this pole and the
zero at \( -6 \).

Analyzing the System’s Response with a Dominant Pole

To analyze the system operating with a dominant pole, engineers often:

- Determine the dominant pole's location: Here, \( s = -3 \).
- Approximate the system response: Using second-order system parameters derived from
the dominant pole and zero.
- Assess the stability and transient characteristics: Such as rise time, overshoot, and
settling time, based on the dominant pole's position.

For example, the approximate transfer function near the dominant pole can be expressed
as:

\[ T(s) \approx \frac{\omega_n^2}{s^2 + 2\zeta \omega_n s + \omega_n^2} \]

where:



- \( \omega_n \) is the natural frequency,
- \( \zeta \) is the damping ratio.

By estimating these parameters from the dominant pole and zero, engineers can predict
how the system will respond to various inputs, such as step functions.

Effects of Varying \( K \) on Dominant Behavior

Adjusting the gain \( K \) influences the system's pole placement, potentially shifting the
dominant pole:

- Low \( K \): The system remains stable with the pole at \( s = -3 \), maintaining dominant
behavior.
- High \( K \): As \( K \) increases, the characteristic equation may produce poles closer to
the imaginary axis or even in the right-half plane, risking instability or oscillatory responses.

This sensitivity underscores the importance of gain tuning in control system design to
ensure the system remains operating within the desired regime, with a clear dominant pole
guiding predictable transient behavior.

Design and Practical Considerations

Ensuring Stability and Desired Response

Designing a control system with a dominant pole involves balancing several factors:

- Pole placement: Positioning poles to achieve the desired transient response while
maintaining stability.
- Zero placement: Adjusting zeros to improve response characteristics, such as overshoot
minimization.
- Gain tuning: Selecting \( K \) to position the dominant pole appropriately without inducing
instability.

Engineers often employ root locus, Bode plots, and Nyquist diagrams to visualize how
system poles and zeros change with \( K \), ensuring the dominant pole remains in a region
that guarantees stability and satisfactory performance.

Limitations and Real-World Implications

While the concept of dominant poles simplifies analysis, real-world systems often exhibit
complexities:

- Unmodeled dynamics: Higher-order effects may influence the response, making second-



order approximations less accurate.
- Parameter variations: Changes in system parameters due to environmental factors or
component aging can shift pole locations.
- Nonlinearities: Actual systems may deviate from linear models, especially under large
inputs or non-ideal conditions.

Therefore, control engineers must validate their models through simulations and empirical
testing, ensuring that the chosen dominant pole approximation remains valid under
operational conditions.

Conclusion: Navigating the Dynamics of the Unity
Feedback System

The exploration of the unity feedback system with the transfer function \( G(s) =
\frac{K(s+6)}{7(s+3)(s+5)} \) reveals the profound influence of dominant poles on system
behavior. Recognizing that the pole at \( s = -3 \) acts as the dominant pole allows
engineers to simplify complex dynamics into manageable second-order approximations,
facilitating effective control design. However, the delicate interplay of gain, pole-zero
placement, and stability considerations underscores the need for meticulous analysis and
tuning.

As control systems continue to underpin modern technology—from robotics to
aerospace—understanding the principles highlighted here remains essential. Mastery over
the concepts of dominant poles and their impact ensures engineers can craft systems that
are not only stable but also responsive and efficient, meeting the rigorous demands of real-
world applications.
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