
Chapter 9 Transient Response
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First-Order Transients 



First-Order Circuits

l First order circuits: Circuits contain only one 
inductor or one capacitor, governed by first-order 
differential equations.

l Zero-input response: the circuit has no applied 
source after a certain time. It is determined by 
natural response and the initial condition.

l Zero-state response: the circuit has no initial stored 
energy.



RC First-Order Circuits
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RC First-Order Circuits
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RC First-Order Circuits

Dissipated power by the resistor R
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RL First-Order Circuits 
(structural dual of the RC circuit)

0=+′







LL ii
R
L

constant)  time:(  
1

01  :equation sticcharacteri

R
L

L
R

s

s
R
L

=−≡−=

=+







τ
τ

0
/)(

0

000

0
/)(

0

,)(

)()(

,)(

0

0

tteRIiLtv

Ititi

tteIti

tt
LL

LL

tt
L

>−=′=

==

>=

−−

−+

−−

τ

τ



General First-Order Circuits

current)inductor or   voltage(capacitor  ),(

,)(  :responseinput  zero

/

00

0
/)(

0
0

+

−−

=

>=




=

tyY

tteYty

RL
CR

tt

eq

eq

τ

τ

0Initial slope=-Y0/τ

(If τ<0, then the circuit is unstable.)



Example 9.1: Zero-Input Response
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Step Response
l Step response: response to a step input (OFF to ON) 

with zero initial conditions.
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For a linear time-invariant circuit (LTI), the response to Ku(t-t0) is 
simply Ky(t-t0), where y(t) is the unit step response.
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First-Order RC Circuit
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First-Order RL Circuit
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General First-Order Circuits 
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Example: Step Response of an RC Circuit
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Pulse Response
l Pulse response: zero-sate response with a rectangular 

pulse excitation. Require initial value, steady state 
value and time constant.

Step response (zero state)

Zero input 
response



Pulse Response
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Example 9.3: Analysis of a Relay Driver
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Switched DC Transients
l Switched DC transients: the source switches from one 

constant to another constant.
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General DC Response
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Example 9.4: Sequential Switched 
Transients

Part (I) Part (II)



Example 9.4: Sequential Switched 
Transients (Part (I))
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Example 9.4: Sequential Switched 
Transients (Part (II))
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Example 9.4: Sequential Switched 
Transients



Switched AC Transients



Switched AC Transients
l The parameter of an ac source undergoes an abrupt change.
l Analysis is the same as switched dc transients, except that 

the force response is different.

0
/)(

0

0

  ,)()(

  ,
:Response DC

0 tteYYYty

ttYyy
tt

SSSS

SS

>−+=

>=+′
−− τ

τ

)(obtain   toanalysisphasor  Use

)cos()(
:Response AC

ty

tYtyY

F

mFSS φω +=→



Switched AC Transients
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Example 9.5: Transients in an AM 
(amplitude modulation) Radio Signal
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Example 9.5: (Cont.)
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Second-Order Natural Response 



Second-Order Circuits

l A second-order circuit contains two 
independent energy storage elements (i.e., 
inductors or capacitors).

l First-order transient is characterized by 
decaying exponentials. Second order natural 
response includes overdamped, underdamped
and critically damped behaviors.

l Capacitor voltages and inductor currents are 
state variables.



Series LRC Circuit
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Parallel CRL Circuit 
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General Form of Second-Order Circuits
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Example 9.6: Second-Order Circuit 
with Two Inductors

KCL KCL

KVL

Pick i1, i2 as state variables.



Example 9.6: (Cont.)

( )S

s
x

s
x

xx

xx

xxsx

xxsx

IiAi

i
L
R

i
L

RR

i
i

L
R

L
R

L
R

L
RR

i
i

iRiRRiRRiL
iRiRiRiL

+=′

















 +

+


























−−

−
+

−
=








′
′





−+−+=′
−−=′

2

1

2

1

22

11

2

1

2111

2122

)()(

:equation) (state formmatrix In 

)()(

Can be generalized to n-th order circuits.



Example 9.6: (Cont.)
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Example 9.7: Second-Order with a 
Controlled Source (Phase-Shift Oscillator) 
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Second-Order Natural Response
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Second-Order Natural Response
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Overdamped Response
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Example 9.8: Natural Response of a 
Series LRC Circuit
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Underdamped Response
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Underdamped Response



Example 9.9: Natural Response of a 
Phase-Shift Oscillator
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Critically Damped Response 
(Repeated Roots) 
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Please refer to Table 9.1.



Second-Order Transients



Second-Order Transients

l Two initial conditions are required for second-order 
circuits.
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Example 9.10 Calculating Initial Conditions
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Example 9.10 Calculating Initial Conditions
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Switched DC Transients

l Switched DC transients for the three types of second-
order circuits (overdamped, underdamped and 
critically damped). 

l Similar to first order circuits:
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Switched DC Transients: Overdamped
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Switched DC Transients: Underdamped
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Switched DC Transients: Critically 
Damped
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Example 9.11: Underdamped Zero-
Input Response
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Example 9.11: (Cont.)

Ringing



Example 9.12: Step Response with 
Variable Damping (Series LRC)
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depending on R.



Example 9.12: (Cont.)
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Example 9.12: (Cont.)
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Example 9.12: (Cont.)
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80,16 :damped critically (iii)
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Example 9.12: (Cont.)



Chapter 9: Problem Set

l 1, 5, 7, 13, 16, 20, 21, 24, 30, 41, 44, 46, 52, 
60.


