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Understanding the transient response of operational amplifier (op amp)
circuits is fundamental in analog electronics. When analyzing such circuits,
especially those involving step inputs or sudden changes, it’s essential to
determine the output voltage behavior over time. In this article, we will
examine the problem where, for the op amp circuit depicted in Fig. 7.136, the
initial output voltage V0 is zero, and the input step voltage Upsilons is 3
V. The goal is to find the time-dependent output voltage Upsilon(t) for times
T > 0.

Overview of Op Amp Circuit Analysis in
Transient Conditions

Operational amplifier circuits often involve feedback mechanisms that define
their steady-state and transient responses. When a step input is applied, the
circuit's output does not change instantaneously but follows a certain
dynamic trajectory governed by the circuit's RC components and feedback
configurations.

Key Concepts:
- Initial Conditions: The state of the circuit before the step input is
applied. Here, V0 = 0 V.
- Step Input: An abrupt change in input voltage from 0 V to Upsilons = 3 V at
T = 0.
- Transient Response: The output voltage Upsilon(t) as the circuit reacts to
the sudden change.
- Steady-State Response: The final value of the output voltage after all
transient effects have dissipated.

Understanding the Circuit Configuration in Fig.
7.136

Although the figure isn't provided here, typical op amp circuits of this
nature include:
- Feedback networks involving resistors and capacitors.
- Input voltage sources that switch from 0 to 3 V at T = 0.



- The op amp ideal assumptions: infinite input impedance, zero output
impedance, and infinite open-loop gain.

Common Features in Such Circuits:
- Configuration as integrators, differentiators, or filters.
- Presence of reactive components influencing transient behavior.
- The initial output voltage V0 = 0 V, indicating the circuit starts at
equilibrium before the step.

Formulating the Problem: Step Input and Initial
Conditions

The problem involves a step input voltage:
\[ u_s(t) = \begin{cases}
0, & t < 0 \\
3\,V, & t \geq 0
\end{cases} \]
with initial output \( V_0 = 0\,V \).

Our objective is to find \( \Upsilon(t) \) for \( t > 0 \), which describes
how the circuit responds to this input change over time.

Approach:
- Develop differential equations based on circuit analysis.
- Apply initial conditions.
- Use Laplace transform techniques for solving linear differential equations
with step inputs.

Step-by-Step Solution Methodology

1. Derive the Differential Equation

Using circuit analysis (KCL, KVL), identify the relationships between the
input, output, and reactive components (capacitors and inductors if present).
For example:
- If the circuit is an RC integrator, the voltage across the capacitor
relates to the input and output.
- The general form might be:
\[ \frac{d\Upsilon(t)}{dt} + \frac{1}{RC} \Upsilon(t) = \frac{1}{RC} u_s(t)
\]

2. Apply Initial Conditions

Since \( V_0 = 0\,V \), the initial output at \( t=0^- \) is zero:
\[ \Upsilon(0^-) = 0 \]
and the output just after the step at \( t=0^+ \) is also zero:



\[ \Upsilon(0^+) = 0 \]

3. Use Laplace Transform

Transform the differential equation into the s-domain:
\[ s \Upsilon(s) - \Upsilon(0^-) + \frac{1}{RC} \Upsilon(s) = \frac{1}{RC}
\cdot \frac{1}{s} \cdot 3 \]
where \( \Upsilon(s) \) is the Laplace transform of \( \Upsilon(t) \).

Solve for \( \Upsilon(s) \):
\[ \Upsilon(s) = \frac{3 / (RC)}{s (s + 1/RC)} \]

4. Inverse Laplace Transform

Perform partial fraction decomposition:
\[ \Upsilon(s) = \frac{A}{s} + \frac{B}{s + 1/RC} \]

Determine constants \( A \) and \( B \):
\[ A = \lim_{s \to 0} s \Upsilon(s) = \frac{3}{RC} \times \frac{1}{1/RC} = 3
\]
\[ B = \lim_{s \to -1/RC} (s + 1/RC) \Upsilon(s) = \frac{3 / (RC)}{-1/RC} =
-3 \]

Thus:
\[ \Upsilon(s) = \frac{3}{s} - \frac{3}{s + 1/RC} \]

Inverse Laplace gives the time domain response:
\[ \Upsilon(t) = 3 \left(1 - e^{-(t/RC)} \right), \quad t \geq 0 \]

5. Final Expression for \( \Upsilon(t) \)

\[
\boxed{
\Upsilon(t) = 3 \left(1 - e^{-\frac{t}{RC}}\right), \quad t \geq 0
}
\]

This equation describes the exponential approach of the output voltage from 0
V to its steady-state value of 3 V, with a time constant \( \tau = RC \).

Significance of the Result and Practical
Implications

The derived expression for \( \Upsilon(t) \) provides insight into the
dynamic behavior of the op amp circuit:
- The output voltage starts at 0 V at \( t=0 \).
- It exponentially rises toward 3 V with a time constant \( \tau = RC \).
- The response speed depends on the product of resistance and capacitance in



the circuit.

Applications:
- Designing filters with specific transient response characteristics.
- Timing circuits where response speed is critical.
- Signal conditioning where controlled rise times are required.

Additional Considerations in Op Amp Transient
Analysis

Non-Idealities:
- Real op amps have finite gain and bandwidth, affecting transient responses.
- Parasitic inductances and capacitances can modify the ideal exponential
behavior.
- Nonlinearities are negligible for small signals but become significant for
large signals or high frequencies.

Advanced Techniques:
- State-space analysis for complex circuits.
- Numerical simulation using SPICE or similar tools for precise modeling.

Conclusion: Mastering the Transient Response of
Op Amp Circuits

Analyzing the transient response of op amp circuits, such as the one in Fig.
7.136, is crucial for designing reliable electronic systems. By applying
Laplace transform techniques, leveraging initial conditions, and
understanding circuit configurations, engineers can predict how the circuit's
output will evolve over time after a sudden input change. The exponential
solution \( \Upsilon(t) = 3 \left(1 - e^{-\frac{t}{RC}}\right) \) elegantly
captures this dynamic, providing a foundation for designing circuits with
desired transient characteristics.

Remember:
- The initial output voltage significantly influences the transient response.
- The time constant \( RC \) determines response speed.
- Proper analysis ensures optimal circuit performance in practical
applications.
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Frequently Asked Questions

What is the initial condition of the op-amp circuit
in Fig. 7.136 when V0 = 0 and Upsilons = 3 V?
Initially, with V0 = 0 and Upsilons = 3 V, the circuit is at rest, and the
op-amp output is assumed to be at zero volts, indicating no initial charge or
current flow.

How does the input voltage Upsilons = 3 V influence
the transient response of the circuit for t > 0?
The step input Upsilons = 3 V causes the circuit to respond dynamically,
leading to a transient behavior in Upsilon(t) as the circuit elements adjust
to the new input conditions.

What is the significance of setting V0 = 0 in
analyzing the circuit's response?
Setting V0 = 0 simplifies the analysis by establishing a known initial state,
allowing us to focus on how the input Upsilons affects the output Upsilon(t)
over time.

How do you determine Upsilon(t) for t > 0 in the
given op-amp circuit?
To find Upsilon(t) for t > 0, you apply circuit analysis techniques such as
solving differential equations derived from the circuit's configuration,
considering initial conditions and the input step.

What role do the circuit components in Fig. 7.136
play in shaping Upsilon(t)?
The resistors and capacitors in the circuit determine the time constants and
the nature of the transient response, influencing how Upsilon(t) evolves
after the input step.

Is the circuit likely to exhibit overdamped,
underdamped, or critically damped behavior?
The damping type depends on the component values; typically, RC circuits can
be overdamped or underdamped, affecting whether Upsilon(t) approaches its
steady state smoothly or oscillates.



How does the initial condition V0 = 0 affect the
mathematical solution for Upsilon(t)?
V0 = 0 provides initial conditions for solving the differential equations,
often simplifying the solution process and ensuring the transient response
starts from zero at t=0.

What is the steady-state value of Upsilon(t) as t
approaches infinity?
As t approaches infinity, Upsilon(t) typically reaches a steady-state value
equal to the input Upsilons, which is 3 V in this case, assuming the circuit
stabilizes.

Are there any special considerations or assumptions
made in solving for Upsilon(t) in this problem?
Yes, assumptions such as ideal op-amp behavior (infinite gain, input
impedance), linearity of components, and initial conditions are typically
made to simplify the analysis and obtain a solution for Upsilon(t).

Additional Resources
Understanding the Op Amp Circuit in Fig. 7.136: Deriving Upsilon(t) for T > 0
with V₀ = 0 and Upsilons = 3 V

In the realm of analog electronics, op amp circuits serve as fundamental
building blocks for various signal processing tasks. When analyzing such
circuits, especially those involving transient responses, it becomes crucial
to understand how the circuit responds to inputs over time. In this context,
the op amp circuit in Fig. 7.136 presents an interesting case study where,
given specific initial conditions, we are tasked with deriving the time-
dependent output Upsilon(t) for T > 0. This analysis not only reinforces core
concepts like circuit response to step inputs but also illustrates the
application of differential equations, initial conditions, and Laplace
transforms in circuit analysis.

---

Overview of the Circuit and Problem Statement

Before diving into the detailed analysis, let's clarify the key elements of
the problem:

- Circuit context: The circuit depicted in Fig. 7.136 is a typical op amp
configuration, likely involving resistors and capacitors or inductors,
designed to produce a certain transient response when subjected to input
signals.



- Initial condition: The output voltage at the moment just before T = 0 is
assumed to be zero, i.e., V₀ = 0.
- Input step: At T = 0, the input Upsilon(t) experiences a step change to
Upsilons = 3 V.
- Objective: Find Upsilon(t) for T > 0—that is, determine how the output
evolves over time after the step input is applied.

---

Fundamental Concepts in Transient Circuit Analysis

Analyzing the transient response of op amp circuits involves understanding
the interplay between circuit elements and initial conditions. Here are some
foundational concepts:

1. Differential Equation Formulation

Most op amp circuits with reactive components (capacitors and inductors) can
be described by differential equations derived from Kirchhoff's laws and the
circuit topology.

2. Homogeneous and Particular Solutions

The total solution for the circuit's response typically involves:

- Homogeneous solution: Reflects the natural response based on the circuit's
characteristic equation.
- Particular solution: Represents the steady-state response to the input
step.

3. Initial Conditions

The initial output voltage and capacitor voltages (if present) are used to
solve for constants in the solution.

4. Laplace Transform Method

Transforming the differential equations into the s-domain simplifies solving
for Upsilon(t), especially with initial conditions.

---

Step-by-Step Approach to Deriving Upsilon(t)

Let's now outline a systematic methodology to determine Upsilon(t):

Step 1: Identify Circuit Topology and Write the Governing Differential
Equation

- Examine Fig. 7.136 to identify components and their interconnections.
- Write nodal or loop equations incorporating the op amp ideal assumptions



(infinite gain, input currents are zero, etc.).
- Express the output voltage Upsilon(t) as a function of the input and
circuit elements.

Step 2: Apply Laplace Transform

- Take Laplace transforms of the circuit equations, incorporating initial
conditions (V₀ = 0).
- Represent the step input as Upsilon(s) = (Upsilons / s).

Step 3: Solve for Upsilon(s)

- Rearrange the algebraic equations to solve for the output in the s-domain.
- Include the initial conditions in the Laplace domain as needed.

Step 4: Inverse Laplace Transform

- Perform inverse Laplace transform to obtain Upsilon(t).
- Use partial fraction decomposition if necessary to simplify the inverse
transform.

Step 5: Determine Constants Using Initial Conditions

- Apply initial condition V(0) = 0 to find any unknown constants in the
homogeneous solution.

---

Example: Typical Response of a First-Order Circuit

For illustrative purposes, consider a simplified example where the circuit
resembles a first-order RC circuit:

- The governing differential equation:
dUpsilon/dt + (1/RC) Upsilon = (Upsilons / RC) u(t)

- Homogeneous solution: Upsilon_h(t) = K e^(-t/RC)

- Particular solution: Upsilon_p(t) = Upsilons

- Total solution: Upsilon(t) = Upsilon_h(t) + Upsilon_p(t)

Given initial condition Upsilon(0) = 0, solve for K:

- At t = 0:
0 = K + Upsilons ⇒ K = -Upsilons

Hence, the response:

Upsilon(t) = Upsilons [1 - e^(-t/RC)]



This form describes how the output voltage exponentially approaches the
steady-state value of 3 V after the step input.

---

Applying the Approach to Fig. 7.136: A General Perspective

While the specific circuit in Fig. 7.136 may involve more complex elements,
the core methodology remains similar:

- Derive the differential equation considering the circuit's resistive and
reactive elements.
- Use initial conditions (V₀ = 0) to solve for constants.
- Recognize the nature of the response: is it first-order (single
exponential), second-order (oscillatory or overdamped), or more complex?

---

Expected Form of Upsilon(t) for T > 0

Based on common op amp circuit responses, especially those involving RC
elements, the output Upsilon(t) for T > 0 typically takes the form:

\[
Upsilon(t) = A \left(1 - e^{-\frac{t}{\tau}}\right)
\]

where:

- A: Steady-state value, which in this case is Upsilons = 3 V.
- τ: Time constant determined by circuit elements (τ = RC or similar).

Given the initial condition Upsilon(0) = 0, the response starts at zero and
asymptotically approaches 3 V as t → ∞.

---

Conclusion: Significance and Practical Implications

Understanding how to derive Upsilon(t) for the op amp circuit in Fig. 7.136
provides valuable insight into transient behaviors in real-world systems.
Whether designing filters, amplifiers, or control systems, predicting how
outputs respond over time allows engineers to optimize performance, ensure
stability, and prevent undesirable overshoot or undershoot.

This analysis underscores the power of differential equations and Laplace
transforms as tools in circuit analysis, enabling precise modeling of complex
transient phenomena. By mastering these techniques, engineers can confidently
analyze a wide array of analog circuits, ensuring their systems behave
predictively and reliably under various conditions.



---

In summary, the key steps involve formulating the differential equation based
on circuit topology, applying initial conditions, transforming to the s-
domain, solving algebraically, and then transforming back to the time domain.
The resulting Upsilon(t) characterizes the dynamic response of the op amp
circuit for T > 0, starting from zero and approaching the steady-state
voltage of 3 V as time progresses.
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