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Introduction to Unity Feedback Control Systems

In control engineering, a unity feedback control system is a prevalent
configuration where the output is fed back directly to the input without any
additional transfer elements. This setup simplifies analysis and design,
allowing engineers to focus on the plant and controller design to achieve
desired system performance.

The plant transfer function, denoted as \( G(s) \), characterizes the dynamic
behavior of the system's physical components. Properly designing a control
system involves selecting appropriate controller parameters to meet
specifications such as stability, transient response, and steady-state
accuracy.

This article discusses the process of designing a control system for a plant
with the transfer function:

G(s) = (s + 2) \cdot (8”2 + 8s + 15) \cdot K \cdot (s + 6)
\

where \( K \) is the system gain. We will explore the steps involved in
analyzing the plant, designing the controller (if needed), and tuning the
system to meet typical performance criteria.

Understanding the Plant Transfer Function
Breakdown of the Transfer Function

The given plant transfer function is:
G(s) = (s + 2) \cdot (8”2 4+ 8s + 15) \cdot K \cdot (s + 6)
\

Let's analyze each component:

- \( (s +2) \): A first-order factor representing a pole at \( s = -2 \).
- \( 8”2 + 8s + 15 \): A quadratic factor. Factoring further:

\ [

s™"2 + 8s + 15 = (s + 3) (s + 5)

\1

- \( (s + 6) \): A first-order factor with a pole at \( s = -6 \).



- Gain \( K \): The system gain, adjustable during control design.
Pole-Zero Analysis

The poles of the system are at:
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There are no zeros in the plant transfer function, indicating the system is
minimum phase. The poles are all located in the left-half plane, ensuring the
plant is inherently stable.

Bode Plot and Frequency Response
Understanding the frequency response of the plant aids in control design:

— The magnitude plot will show the combined effect of the poles at various
frequencies.
— The phase plot indicates the phase lag introduced by each pole.

This analysis helps in selecting appropriate controller parameters for
desired transient performance.

Objectives of Control System Design

Before proceeding with the design, it is essential to define the control
objectives:

- Stability: The closed-loop system must be stable for the chosen gain \( K
\) and controller configuration.

- Transient Response: Achieve desired rise time, overshoot, and settling
time.

- Steady-State Accuracy: Minimize steady-state error for specific inputs.

— Robustness: Maintain performance despite plant uncertainties.

Given a unity feedback structure, the primary goal is to design a controller
\( C(s) \) (e.g., proportional, PI, PID, or lead-lag compensator) that

modifies the open-loop transfer function \( L(s) = C(s)G(s) \) to meet these
objectives.

Step-by-Step Control System Design Process

1. Open-Loop Transfer Function Analysis

The open-loop transfer function with a controller \( C(s) \):
N

L(s) = C(s) \cdot G(s)

\1]

Assuming an initial proportional controller \( C(s) = K_c \):



L(s) = K_c \cdot G(s)

The goal is to select \( K_c \) such that the system satisfies stability and
performance criteria.

2. Determining the System Gain \( K \)

The plant's gain \( K \) directly influences system stability and response:
— Increasing \( K \):

- Can improve response speed but may lead to instability.

- Decreasing \( K \):

— Enhances stability margins but may slow response.

The typical approach involves:

- Plotting the Bode plot for various \( K \) wvalues.
- Using the Nyquist or Root Locus method to determine stability margins.

3. Controller Design Strategies

Depending on the specific control objectives, different controllers can be
designed:

a. Proportional Control (P)

— Simple implementation.

— Suitable for systems where steady-state error is acceptable.
- May not eliminate steady-state error for certain inputs.

b. Proportional-Integral (PI) Control

- Eliminates steady-state error.
- Adds an integral term to improve accuracy.

c. Proportional-Integral-Derivative (PID) Control

— Balances speed and stability.
- Offers fine-tuning of transient response.

d. Lead or Lag Compensators

— Improve phase margin and transient response.
— Adjust system stability and damping.

4., Stability Analysis Using Root Locus

Construct the root locus for the open-loop transfer function \( L(s) \):

— Identify the range of \( K_c \) for which the closed-loop poles are in the
left-half plane.

— Determine the gain value that achieves desired transient response.

5. Frequency Response Methods



Use Bode plots and Nygquist diagrams to:

— Determine gain margin and phase margin.
- Adjust \( K \) or controller parameters to meet stability margins.

6. Performance Tuning and Validation
— Simulate the closed-loop response.
- Verify transient characteristics (rise time, overshoot, settling time).

— Check steady-state error.
— Adjust controller parameters iteratively.

Practical Design Example

Suppose we aim to design a proportional controller \( C(s) = K_p \) to
achieve a critically damped response with minimal overshoot.

Step 1: Determine the plant transfer function
N

G(s) = (s + 2)(s + 3)(s + 5) (s + 6) \cdot K
\1]

Step 2: Choose an initial gain \( K \)

Assuming \( K = 1 \) initially, analyze the open-loop transfer function:
N

L(s) = K_p \cdot G(s)

\1]

Step 3: Plot Bode and Nyquist diagrams

- Evaluate the magnitude and phase.
- Find the gain \( K_p \) that yields desired phase margin.

Step 4: Adjust \( K_p \)

— Increase \( K_p \) until the system is on the verge of instability (gain
margin approaching zero).

- Back off slightly to ensure stability with desired phase margin.

Step 5: Verify the closed-loop response

- Conduct time-domain simulations.
— Check if the transient response meets specifications.

Step 6: Fine-tune the controller
— Incorporate integral or derivative action if needed.

— Use PID tuning methods such as Ziegler-Nichols or Cohen-Coon for refined
control.

Optimization and Finalization of the Control System



Ensuring Robustness

— Perform sensitivity analysis to parameter variations.
— Adjust controller parameters to maintain stability margins.

Implementation Considerations

— Real-world constraints (actuator saturation, noise).
— Discrete-time implementation if using digital controllers.

Conclusion

Designing a control system for a plant with the transfer function \( G(s) =
(s+2) (s"2+8s+15)K(s+6) \) involves thorough analysis and systematic tuning.
By understanding the plant's dynamics, employing stability and frequency
response methods, and iteratively adjusting controller parameters, engineers
can achieve a system that meets stability, transient, and steady-state
specifications.

This comprehensive approach ensures that the control system not only performs
optimally under ideal conditions but also maintains robustness in the face of
uncertainties and disturbances. Whether opting for simple proportional
control or more complex PID or lead-lag compensators, the key lies in
meticulous analysis and validation to ensure reliable and efficient
operation.
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Frequently Asked Questions



What is the significance of the plant transfer
function G(s) = (s+2) (s%2+8s+15)K(s+6) in a feedback
control system?

The transfer function G(s) characterizes the dynamic behavior of the plant,
including its poles and zeros, which influence stability and response.
Understanding G(s) helps in designing appropriate controllers to achieve
desired performance.

How do you interpret the factors (s+2), (s?+8s+15),
and (s+6) in the plant transfer function?

Each factor represents a pole or zero of the system: (s+2) and (s+6) are
zeros, while (s?+8s+15) is a quadratic pole pair, indicating system poles
that affect stability and transient response.

What methods can be used to design a controller K(s)
for this plant?

Design methods include root locus, Bode plot, Nyquist criterion, pole
placement, and optimal control techniques, which help to select K(s) to meet
specifications such as stability, transient response, and steady-state error.

How does adding the factor K(s+6) influence the
overall system response?

Including the factor K(s+6) introduces a zero at s = -6, which can improve
transient response or stability margins depending on how it interacts with
system poles, and often acts as a gain or zero placement in control design.

What are the key considerations when designing a
feedback controller for this transfer function?

Key considerations include ensuring system stability, achieving desired
transient and steady-state performance, avoiding excessive control effort,
and properly compensating for plant poles and zeros.

How can Bode plots assist in the control system
design for this plant?

Bode plots reveal gain and phase margins, system bandwidth, and frequency
response characteristics, aiding in the selection of controller parameters to
ensure stability and desired dynamic performance.

What is the role of gain K in the transfer function,
and how does it affect system stability?
The gain K scales the plant response; increasing K may improve certain

responses but can also lead to instability if it pushes the system beyond
stability margins. Proper gain tuning is essential.



What are common challenges in designing controllers
for transfer functions with multiple poles and zeros
like this one?

Challenges include managing complex pole-zero interactions, ensuring
stability, achieving desired transient response, and preventing excessive
control effort or oscillations due to pole-zero placement.

What is the typical process to 'design' as mentioned
in the problem — what steps are involved?

Design typically involves modeling the plant, analyzing its response,
selecting control objectives, choosing an appropriate control strategy (like
PID, lead-lag, state feedback), tuning parameters, and validating through
simulation or analysis.

Additional Resources

A Unity Feedback Control System Has A Plant Transfer Function: G(s) =
(s+2) (s?* + 8s + 15)K(s+6) — Design

Designing a control system begins with understanding its fundamental
components, especially the plant transfer function. In the context of a unity
feedback control system, the plant transfer function plays a crucial role in
determining system stability, transient response, and steady-state accuracy.
Here, we analyze a typical plant characterized by the transfer function \ (
G(s) = (s+2) (s™2 + 8s + 15)K(s+6) \), and explore the detailed process of
control system design to meet specified performance criteria.

Understanding the Plant Transfer Function
The plant transfer function \( G(s) \) encapsulates the dynamics of the

system we aim to control. It relates the input (control effort) to the output
(system response). For the given system:

G(s) = (s+2) (s”2 + 8s + 15)K(s+6)

\

we notice that it is a product of several factors, each representing a pole
or zero of the plant:

- Zero at \( s = -2 \)

— Quadratic factor \( s”2 4+ 8s + 15 \), which factors further into \ (

(s+3) (s+5) \)

- Zero at \( s = -6 \)

By re—expressing the plant transfer function, the structure becomes clearer:
G(s) = K \times (s+2) \times (s+3) \times (s+5) \times (s+6)

Assuming \( K \) is the system gain, the overall transfer function is a



product of five first-order factors, which makes the system inherently of
fifth order.

Step 1: Simplifying the Transfer Function

Let's write the plant transfer function explicitly:

G(s) = K \times (s+2) (s+3) (s+5) (s+6)

which, when expanded, is:

G(s) = K \times (s+2) (s+3) (s+5) (s+6)

This high-order system suggests complex dynamics, potentially leading to
sluggish responses or oscillations if not properly controlled.

Step 2: Defining Design Objectives

Before proceeding with controller design, it’s vital to specify the
performance criteria. Typical objectives include:

— Stability: The closed-loop system must be stable.

- Transient Response: Limits on overshoot, settling time, and rise time.
- Steady-State Accuracy: Zero steady-state error for a step input.

— Robustness: Maintain performance despite plant uncertainties.

For this example, assume the desired specifications are:

— Settling time (Ts) less than 2 seconds

- Maximum overshoot (Mp) less than 10%

- Steady-state error zero for a step input (implying integral control or type
1 system)

Step 3: Controller Design Strategies

Designing a controller involves choosing a control structure that modifies
the open-loop transfer function \( G(s) \) to meet the above objectives.
Common approaches include:

— Proportional-Integral-Derivative (PID) control

— Lead-Lag Compensators

— State Feedback and Observer-based control

- Frequency domain methods (Root Locus, Bode plots, Nyquist)

Given the plant's complexity, a combination of classical frequency domain
techniques and modern control design is often effective.



Step 4: Analyzing the Open-Loop Transfer Function
The open—-loop transfer function with unity feedback is:

\ [
L(s) = G(s) \times C(s)
\1

where \( C(s) \) is the controller.
Initially, consider a proportional controller \( C(s) = K_c \). To analyze
the system, plot the Bode plot or Root Locus of \( G(s) \) to understand

stability margins and frequency response.

- Poles: at \( s = -2, -3, -5, -6 \)
— The plant is stable (all poles in left-half plane).

However, with only proportional control, steady-state errors for step inputs
are zero only if the system is of type 1 or higher. Since \( G(s) \) has no

integrator, the steady-state error for a step input will not be zero. To
achieve zero steady-state error, an integrator must be introduced.

Step 5: Incorporating an Integral Action
Adding an integral component, such as a controller \( C(s) = K_p +
\frac{K_i}{s} \), creates a Type 1 system, ensuring zero steady-state error

for step inputs.

A common form is a PI controller:
C(s) = K p + \frac{K_i}{s} = K_p \left( 1 + \frac{K_i}{K_p s} \right)

This modifies the open-loop transfer function:

\ [

L(s) = G(s) \times C(s) = K \times (s+2) (s+3) (s+5) (s+6) \times \left( K_p +
\frac{K_i}{s} \right)

\1

which introduces a pole at the origin, shifting the system to Type 1.

Step 6: Designing the Controller Parameters

a) Choosing \( K_p \) and \( K_i \):

— Use Root Locus or Frequency Response techniques to select parameters that
meet transient specifications.

- Adjust \( K_p \) to improve stability margins.

— Adjust \( K_i \) to eliminate steady-state error.

b) Tuning process:

1. Start with an initial guess based on the open-loop gain.



2. Plot the root locus of the combined system.

3. Adjust \( K_p \) and \( K_i \) to position the dominant poles in the left-
half plane, ensuring the desired transient response.

4. Check stability margins: gain margin, phase margin through Bode plots.

5. Simulate the time response to verify overshoot and settling time.

Step 7: Lead Compensation for Transient Improvement

If the transient response is unsatisfactory, particularly overshoot or
sluggish response, introduce a lead compensator:

\ [
C_{lead} (s) = \frac{s + z}{s + p}
\1

with \( z < p \), which increases phase margin and improves transient
behavior.

Design steps for lead compensator:

— Determine the frequency at which phase margin needs improvement.
— Choose \( z \) and \( p \) to provide the required phase lead.
— Place the zero and pole accordingly to shape the frequency response.

Step 8: Finalizing the Controller

Once the approximate parameters are selected, the final controller could be a
compination of:

— PI controller for steady-state accuracy
— Lead compensator for transient response enhancement

The combined controller:

\ [
C_{final} (s) = \left( K_p + \frac{K_i}{s} \right) \times C_{lead} (s)
\]

must be fine-tuned via iterative simulation and analysis to meet all the
specifications.

Step 9: Verification via Simulation
Use tools like MATLAB or Python with control systems libraries to:

— Plot Bode plots to analyze gain and phase margins.

— Generate Root Locus plots to verify pole placement.

- Simulate step responses to check overshoot, settling time, and steady-state
error.

— Conduct robustness analysis to ensure performance under plant variations.



Summary of Key Steps in Control System Design

1. Understand the plant transfer function and simplify it.
2. Define performance specifications (settling time, overshoot, steady-state

error) .

3. Select control strategy (PID, lead-lag, state feedback).

4. Analyze open-loop transfer function via Bode plots and root locus.

5. Design controllers (PI, lead) to meet transient and steady-state criteria.
6. Tune parameters iteratively using simulation.

7. Verify stability and robustness through margin analysis.

8. Implement and test the designed controller in simulation before real-world

deployment.

Conclusion

Designing a control system for a plant characterized by \( G(s) = (s+2) (s"2 +
8s + 15)K(s+6) \) involves a structured approach that integrates system
analysis, controller synthesis, and iterative tuning. By carefully analyzing
the plant dynamics, establishing clear performance objectives, and employing
classical control strategies combined with modern tools, an engineer can
develop a robust, responsive, and accurate feedback control system. The
process highlights the importance of understanding the plant's transfer
function and leveraging control design techniques to shape the system's
behavior effectively.

Remember: Successful control system design is an iterative process that
balances theoretical analysis with practical considerations, ensuring that
the final system performs reliably under real-world conditions.
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