
LEC 5. RC AND RL 

FIRST-ORDER CIRCUITS

Analogue Electronics and Systems



 Use mathematical functions to describe several types of 
nonperiodic waveforms.

 Define the electrical properties of a capacitor, including its 
i-v relationship and energy equation.

 Combine multiple capacitors when connected in series or 
parallel.

 Define the electrical properties of an inductor, including its i-
v relationship and energy equation.

 Combine multiple capacitors when connected in series or 
parallel.

 Analyse the transient responses of RC and RL circuits.

 Design RC op-amp circuits to perform differentiation and 
integration and related operations.

RC and RL 1st Order Circuit



Revision: Resistive circuit

 Governed by Ohm’s law => a linear relationship 

between i-v. This is static and does not change with 

time.

 Due to this linearity, even if current becomes time-

varying, voltage will also change linearly.

 We can still solve resistive circuit using static

formulas.

 Resistive circuits consume electrical energy by 

converting it into heat.



Things are different with C and L

 With C and L, circuit becomes dynamic.

 The dynamic response of circuit to a certain voltage 
or current source depends on both the architecture 
of the circuit and the waveform characterising the 
time variation of that source.

 This usually consists of a transient response and a 
steady-state response.



Transient 

Response

Note:

Caused by non-

periodic waveform

Caused by periodic 

waveform



Non-Periodic Waveforms

Step Function

Square Pulse

Ramp Function

Exponential



Non-Periodic Waveforms: Step Function



Switch on and off: step function

 Connecting/disconnecting a 

voltage source to/from a 

circuit via a switch can be 

represented 

mathematically by a step 

function. 



Non-Periodic Waveforms: Ramp Function



Waveform synthesis as sum of two ramp functions



Non-Periodic 

Waveforms: Pulses

=>



Waveform Synthesis

1. Pulse
2. Trapezoid



Non-Periodic Waveforms: Exponentials 



Non-Periodic Waveforms: Exponentials 



Common non-periodic waveforms



Capacitors

Passive element that stores energy in electric field

Parallel plate capacitor
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 For DC, capacitor looks 
like open circuit

 Voltage on capacitor 
must be continuous (no 
abrupt change)

permittivity



Various types of capacitors



Electrical Properties of Capacitors

 Given q = Cv, then from formula of current, we 
have 

 =>

 This means 2 things:

 Integrating i, we get voltage =>

 Assume no charge for t < 0,



Energy Stored

in Capacitors

Q: What is the unit for 

capacitance?

A: Farad (F)



Energy Storage Comparison



Example 5-3: Capacitor Response to Voltage         

Waveform

C = Given v(t) below, determine i(t), p(t), and w(t);

• Start by expressing voltage waveform in term of ramp functions => starts at t=0 and 

has a slope of 10/2 = 5 V/s, so

• Recall that

• the expression for v(t) is then given by



 We know that              , and the derivative is the 

same as the slope of the line, so this gives

Example 5-3: Capacitor Response to Voltage         

Waveform



 The power, p(t), is the product of v(t) and i(t) given 

above, shown here:

Example 5-3: Capacitor Response to Voltage         

Waveform



 To find stored energy, we can integrate p(t) – which 
is to find area under the curve, or by using equation:

 Now, can you explain the energy transfer process
from the standpoint of the current and voltage?

Example 5-3: Capacitor Response to Voltage         

Waveform



Example 5-4: RC Circuits at dc

Find v1 and v2. Assume circuit has been in present (charged) condition for a 
long time.

 At dc no currents flow through capacitors: open circuits.

 At node V, find currents:



Capacitors in Series

Use KVL, same current 

through each capacitor



Capacitors in Parallel

NCCCCC ++++= 321eq

Use KCL, same voltage 

across each capacitor



Voltage Division

Question: can you derive the formula for (b)? 



Inductors

Passive element that stores energy in magnetic field
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 At dc, inductor looks like 

a short circuit

 Current through inductor 

must be continuous (no 

abrupt change)
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A typical inductor: 

Solenoid Wound Inductor

µ = Magnetic permeability



Various Styles of Inductors

Q: What is the unit for inductance?

A: Henry (H).



Example: Inductor 

Response to 

(a) Plot waveform for i(t) versus t, and determine the 

locations of its first maximum, first minimum, and 

their corresponding amplitudes.

(b) Given that L = 50mH, obtain an expression for v(t) 

across the inductor and plot its waveform.

(c) Generate a plot of the power p(t) delivered to the 

inductor.



 To determine the locations for maxima and minima, we take the derivative 

of i(t) and equate it to zero. This gives:

Example: Inductor 

Response to 





Example: Inductor 

Response to 



Example: Inductor 

Response to 



Inductors in Series

Use KVL, current is same 

through all inductors



Inductors in Parallel

Voltage is same across all 

inductors

Inductors add together in 

the same way resistors do



Example: RL Circuits at dc

Given circuit below, determine the amount of energy 

stored in the capacitors ad inductors. Assume that the 

circuit has been in the present state for a long time.



 At dc no voltage across inductors: short circuit

 Capacitors: open circuit. Equivalent circuit:

Example: RL Circuits at dc

and…



Example: RL Circuits at dc



Basic Properties of R, L and C



Response Terminology

Natural response – response in absence of sources

Forced response – response due to external source

Complete response = Natural + Forced

Transient response – time-varying response (temporary)

Steady state response – time-independent or periodic (permanent)

Complete response = Transient + Steady State

Source dependence

Time dependence



First order response

 Response of RC or RL circuits due to sudden changes 

– closing or opening of switch, or both sequentially.

 We start with just dc voltage and current sources.

 In later lectures, will look at RLC circuits with dc 

source, and ac source.

 Example, RC circuit: to be solved using 1st-order 

differential equation



Natural Response of Charged Capacitor
(from charged to discharged)

(a) t = 0− is the instant just before the switch is 

moved from terminal 1 to terminal 2

(b) t = 0 is the instant just after it was moved; 

t = 0 is synonymous with t = 0+

since the voltage across the capacitor cannot 

change instantaneously,  it follows that   



Solution of First-Order Diff. Equations



τ is called the time constant of  the circuit.



Natural Response of Charged Capacitor

Current flowing through capacitor is:



 Possible scenarios:

We will look at case #2 (when 

both sources are non-zero).

General Response of RC Circuit
(from Vs1 changed to Vs2)



General Response of RC Circuit
(from Vs1 changed to Vs2)

Looking at (b),



Solution of 



Series RC circuit solution



Example 5-10: Determine Capacitor Voltage

In circuit above, switch is moved from position 1 to 

2 after it Ha been in position 1 for a long time. 

Determine the voltage vc(t) for t≥0 if the switch is 

moved at (a) t = 0, and (b) t = 3 s.



 For T0 = 0 and t ≥ 0, the complete solution of vc(t) 

is given by

 There are 3 unknowns that need to be determined:

vc(0), the final voltage vc(∞), and the time constant τ.

 For vc(0), we have =>

 By voltage division, 

and so 

Example 5-10: Determine Capacitor Voltage



 For vc(∞), this is when switch is in position 2 for a 

long time. So we have =>

 When circuit reaches final

state, capacitor is open circuit,

means i2 = 0 at t = ∞.

Example 5-10: Determine Capacitor Voltage



 These give 

Example 5-10: Determine Capacitor Voltage



Example 5-10: Determine Capacitor Voltage

(b) For t = 3, this is equivalent to when T0 = 3 s.

The expression is then given by



Example 5-11: Charge/Discharge Action



Example 5-11 (cont.)



 Determine the voltage response of a previously 

uncharged RC circuit to a rectangular pulsi vi(t) of 

amplitude Vs and duration T0, as depicted here. 

Evaluate and plot the response for R = 25 kΩ, C = 
0.2 mF, Vs = 10 V, and T0 = 4 s.

Example 5-12:  Response to 

Rectangular Pulse 



Example 5-12:  Rectangular Pulse 



Explanation of the plot:

 vc(t) builds up to a maximum of 
5.5 V by the end of the pulse (t 
= 4) and then decays 
exponentially back to zero 
thereafter.

 The build-up part is due to 
external excitation and is called 
forced response.

 For t≥4, vc(t) exhibits a natural 
decay response as the capacitor 
discharges its energy into the 
resistor, and i(t) flows in a 
counterclockwise direction.

Example 5-12:  Rectangular Pulse 



Natural Response 

of the RL Circuit



General Response of the RL Circuit



Parallel RL circuit solution



Example 5-13:  Two RL Branches

At t=0-

Cont.



Example 5-13:  Two RL Branches (cont.)

After t=0:



RC Op-Amp Circuits: 

Ideal Integrator



Example 5-15:  Square-Wave Signal



RC Op-Amp Circuits:  Ideal Differentiator



Example 5-16:  Pulse Response



Solution:





Summary


