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Reading Assignment: Chapter 8 in Electric Circuits, 101" Ed. by Nilsson

« 2"d-order circuits have 2 independent energy storage elements (inductors
and/or capacitors)

« Analysis of a 2"-order circuit yields a 2"-order differential equation (DE)
A 2nd-order differential equation has the form:

d’x dx
— + a,— + ax(t) = f(t
« Solution of a 2"d-order differential equation requires two initial conditions:
x(0) and x’(0)

All higher order circuits (3, 4", etc) have the same types of responses as
seen in 1st-order and 2"-order circuits
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Series RLC and Parallel RLC Circuits
Since 2nd-order circuits have two energy-storage types, it is characterized by a
second order differential equation, the circuits can have the following forms:
1) Two capacitors
2) Two inductors
3) One capacitor and one inductor
A) Series RLC circuit*
B) Parallel RLC circuit *
C) Others
* The textbook focuses on these two types of 2nd-order circuits

=0 i
t it —> 5
R L =0 i(t)
Vs c —_ v - R L [
Series RLC circuit Parallel RLC circuit
Chapter 8  ENEE2301 — Network Analysisl 4

Form of the solution to differential equations

As seen with 1t-order circuits in Chapter 7, the general solution to a differential
equation has two parts:

X(t) = X, + X, = homogeneous solution + particular solution
or  X(t) = x, + X; = natural solution + forced solution

where x;, or X, is due to the initial conditions in the circuit

and x;, or X is due to the forcing functions (independent voltage and current
sources for t > 0).

The forced response

The forced response is due to the independent sources in the circuit for t > 0.
Since the natural response will die out once the circuit reaches steady-state, the
forced response can be found by analyzing the circuitatt = co. In particular,

Xs = X(e0)
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The natural response
A 2M-order differential equation has the form:
d’x dx
— 4+ a,— + ax(t) = f(t
dtz 1 dt 0 () ()
where X(t) is a voltage v(t) or a current i(t).

To find the natural response, set the forcing function f(t) (the right-hand side of

2
the DE) to zero.d_z< . 2711d_x 4 ax(t) = 0

dt dt
Substituting the general form of the solution Aest yields the characteristic
equation:

s?+a,s+a,=0
Finding the roots of this quadratic (called the characteristic roots or natural
frequencies) yields:

3, * (al)2 - 4a,
2
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Natural Response of parallel RLC circuits:

For t>0: Given 0 o |0 +
V.(07)= 0 Volt 2 :
i,(07)=10A g 3 T v

KCL: 4i.0)
ir@®+ i O+ ic(t)=0

K L fumde—i,(0) + ¢ 22

Figure3:Natural Response of parallel RLC circuits:

dv(t) -0

V(t) + - f_ (t)dt + Cdv(t) =i, (07) e 1)

leferentlate (1):
Second order homogeneous

d*v(t) Llv® 1 ( )= o differential equation
dz_ 'R dr L
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d?v(t) 1dv(t) 1
— ~v(t) =0
dt? +R dt +Lv( )
+ Solution of the following form V(t) = A e5¢
for t>0
___1 1y L
CA s?est +% sAest +% Aest =0 517 ~ore Gre)“~ 1
—_ 1 _ iy L
Aest [ cs2 +ls+1 -0 S2 = 2RC (ZRC) LC
R L
Resonant frequency

S Cs24=s+-=0
R L
Characteristic equation roots:
Damping coefficient
S1T e Lot
~ 2RC
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/ 2
® S =—a+ |a’— wo
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Characteristic Roots

The roots of the characteristic equation may be real and distinct, repeated, or
complex. Thus, the natural response to a 2"9-order circuit has 3 possible forms

1) Overdamped response
For [ (a)? > (w,)? ]

S1=—a+ Ja?—w,? <0
S, =—a— a?—w,? <0

Roots are real and distinct (unequal)

Solution has the form:

XTL = Aleslt + Azeszt

Chapter 8  ENEE2301 — Network Analysisl 10
2) Critically damped response
0‘ — — 2
For [ ()2 = (,)? ] *S =—-a+ Ja’— @o
Sl = SZ = —a
WS, =—a— Ja?— @o

Roots are real and equal Solution has the form:

X, = (At + A,)e’

n

Xp, = Ajte”* + Aot
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3) Underdamped response S =—a+ faz ~ 0o

For[ (o) < ()]
a? — w,%<0

V(@® = w,%) = (=D (w,? ~ a?)

= jwg
wg=damped radian frequency ., ., _ fmz_ 2
Si2 = —ax jwg

Roots are complex conjugate
The solution has the form: X, = AjeCatioat 4 4 o(-a-joat

e/?% = cos wdt + j sin wdt

e /?% = cos wdt — j sin wdt
X,()= V()=e™ [(A1 +4,) cos wdt + j(A, — 4,) sin a)dt]

X,() = V()=e™ [ﬁl Cos odt + g, sin a)dt]

Chapter 8  ENEE2301 — Network Analysisl 12
1) Overdamped response 2) Critically damped response
For [ ()? > (e,)? ] For [ (0)? = (c,)? ]
Roots are real and distinct (unequal) Roots are real and equal
Sl = SZ = —a
81’2 =—qa+ az - (1)02

X, =Ajte % + Aye™ %t
X, = Aes1t + Ayes2t
3) Underdamped response
For[ (a)? < (»,)* ]
Roots are complex conjugate  S;, = —a £ jwg

X, = Ale(_a+jwd)t +Aze(—a—jwd)t

X, ()= V(O)=e[(4, +4,) cos @dt + j(4, — A;) sin wdi|

X,()= V(t)=e™ [31 cos odt + g, sin a)dt]

1st semester 2015-2016
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1) Over damped parallel RLC Example:
Find VV(t) for t»0
Given

V.(01)=0Volt ; i,(07)=10A

13

R=6 Q

,_
1
~
T

|

=C=1/42F V(t)

a—i=3.5

" 2R
w, = — = 2.45
° JIC

4i.09

t
Figure4:Over damped parallel RLC
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S V(t)=A et + Ayes2t ; t>0 o 4
L=7H FFC=1/42F Vit

+

To find A; & A,, we need to find V(0*) and dv;(t) ) 't

Fort > 0

V(t 1 ,t dv(t . -
% + 7 f-v(®dt + € ';(t)zzL(o )

At (t=0")

v(o* 1 (° dv(0*
(R ) + Zf_ v(t)dt+ C Uét )=iL(0‘)

V(") =V.(01) =V.(07) =0

f(iJrv(t)dt =0

1st semester 2015-2016
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dv(ot)

< lL(O_) =C dt

dv(0*) _iy(07)

= =420
dt C
Also V) =0=V.(07)
Chapter 8  ENEE2301 — Network Analysisl 16
V(t)=A.et + Aye 6 ; t>0
V) =4,+4,=V.(07)=0
o A1 + Az =0 (2)
V(t)=A4,e7t + A,e~ 0t
T = —aet — 64,7
+

L) = A —64, =420 ... 3)
Solving (2) and (3) ,we get ; Vo()
A,=84 and A= -84 .
V(t)=84(e t — e7%) volt ,for t>0 .

1st semester 2015-2016
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2. Critical Damping case: (example)

Given X
V.(07)=0Volt ; i,(07)=10A
Find V(t) for t»0 R=8.573 Q 1
o= ﬁ -6 %L:m TC=1/42F iy
Wo = %:\/E f
a= (1)0 iL(0-)
Sl — _a _I_ az [R— wOZ el _a Figure6:critical damped parallel RLC
S, =—a— Ja? —w,? =-a
Sl = SZ = -\/8 —) V(t)= Alte_\/gt +A2€_\/gt ; t>0
V,(09=0
dv(0*
) = 420
dt

Chapter 8  ENEE2301 — Network Analysisl

18

V(t)= A te V6t + A eVt ; t>0
V(0*)= A,=0

V(t): Alte_\/g t

we) (A,t)(—V6)e™V6t + A eVt

dt
O _ o4 Ay = 420

dt
A, = 420 .
V()= 420te~V6t polt ; t>0

V(1)

1st semester 2015-2016
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3) Underdamped parallel RLC :

Given
V.(07)=0Volt; i, (07)=10A § R=10.5 Q %
L=7H

Find V(t) for t»0
1

FC=1/42F )

@=—=2 |
2RC i)
1 _
w 0= ﬁ - 6 Figure8:underdamped parallel RLC
o< @o

od= /(wOZ— a?) =2

V(t)=e™ [ﬂl cos wdt + B, sin codt] volt For t>0

V(t)= e % [, cos vzt + B, sin vzt] volt  For t>0
dv(0%)

V. (01)=0
dt

= 420

Chapter 8  ENEE2301 — Network Analysisl
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V()= e™? [p, cos V2t + B, sinv2t] volt

Vi(0)=p1 =p B1=0

V()= e [g,sinv2t] volt For t>0
dv(t
d(t ) = (B, e ) (V2 cos V2t) + (sin V2¢t)( —Z,BZe"Zt>
dv(0*) 420
T = V20, + 0 = 420 ) b=
V(t)=e % [g,sinv2t] volt For t>0
V()= %Oe'” [sinvzt] volt For t>0

1st semester 2015-2016
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1000
Underdamped (R = 10 S ohms)
r :L/' Critically Damped (R = 8 .57 ohms)
50U+ ”: ‘V‘\ Overdamped (R = 6 ohms)
| y
f \.
/ \
/ AN
N
o = _—
-20u } $ +
0s 1.0s 2.0s 3.0s 4.9s
v u(c1:1)
Time
22
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The lossless LC circuit
1 gL = C
L=fH , C=—F , R=w
42 b0
a L = 0 Figure9:LC
2RC
1
wo = _\/ﬁ = ’\/g
a < w,
0d= [(wo?— a?) =6
V(t)= [B,cos et + B, sinVet] volt For t>0
dv(0%)
viot)y=0 , =420
(0™) 1t
Chapter 8  ENEE2301 — Network Analysisl 24
V(0+) =p =0
d”“’ ) = 6 8, = 420
8, = 420
SN
V()= = [sm vet] volt For t>0
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Chapter 8
Step response of parallel RLC: -o>‘i -
Given e Yo
VC(O_): 0 Volt , 1=24mA §R=400 1
S=C=25nF <{L=25mH
ip(07)=0A <T> V(t)
Findv(t) for t>0
Find iL (t) for t>0 Figurel6:step response of parallel RLC circuit -
For t>0
KCL.:
o I=ip®+ O+ ic(0)
w(z)
A § T2 3 oo V(t) dv(t)
v [ = + i)+ C—=
diL(t)
S pE—— ve(t) =v (1) =L Tt
Chapter 8  ENEE2301 — Network Analysisl

d?ip(t) Ldig(t) .
I=Llt—n E ar T a®

a2 " RC at ' Lc lL ~LC

Second order nonhomogeneous differential equation.
i, (0) = in(©) + ir ()
i,,(t) : Natural response. <== was found earlier

if(t) : forced response.
d?i, (t 1 dig(t I
i (t) iL( ) LL(t)

To find if(t) :
l dt? +RC dt L LC

. k is constant.

Let lf(t) =k

1st semester 2015-2016
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1 I
0+0+_lf(t)=—

LC LC
To find i,,(t): dziL(t)_l_idiL(t)
dt? RC dt

strts+ Lo
RC™ " LC

1 1

1
- — \2_ —
S1,2 2RC + (ZRC) LC

Since S; &S, are real and unequal

l We have over
damped case.

1.
+L_ClL(t) =0

S,= -20000
S,=-80000

Chapter 8  ENEE2301 — Network Analysisl
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iLn(t) — Ale_ZOOOOt +A2€_80000t

i,(6) = ipn(®) +igp ()

To find A1 & A2 ., we need:
L") =0 And D

i,(0%) =i, (07) =0

di.
ve® = v () =L ‘d;f)
d., ~+
ve(0F) =1L ;(;’ ) = ve0) =0

iL(t) = 24mA + Ale_ZOOOOt +A2e_80000t

) Gt _ g
at

t>0

1st semester 2015-2016
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ir(t) = 24mA + A, e 20000t 1 4, 80000 >0
iL(0+) = 24mA + A]_ + AZ
A +Ay,=-24mA (1)
d. o+
O — 200004, — 800004, =0 ceverernn, @)
dt
Solving and we get :
A, =-32mA A, =8mA
i (t) = (24 — 32720000t 4 go=80000tyA t>0
Chapter 8  ENEE2301 — Network Analysisl 30
Natural response of series RLC circuits: i.(0)
=, L=1H
7YY YY)
For t>0
it C=1/401pF
GO =V, A 0=l e ) ==
Find i(t) fort>0
d ( ) 1 t igure: H series circuit.
L cllt +Ri(t) = Ve(0) + % jl(t)dt =0
ra
LED 4 Ri(6) + ¢ [, i(0)dt = Vo(07)  --meee (1)
Differentiation of (1)
dzi(t) ai(t) |, 1.,
LW+R7+E1(0 =0
Second order homogenous differential equation.

1st semester 2015-2016
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1
LSZ+RS+E=0

- _Rr /iz_i
51 = 2L+ (ZL) LC
- _R_ /ﬁz_i
Sz = 2L (ZL) LC

Let @o= % o = response frequency.
And
R . .
a=— a =damping coefficient.
2L
Sl,Z =—a+ a? — (l)g
Chapter 8  ENEE2301 — Network Analysisl 32
WO -1m
Let V.(07) =V, = 2 volt ' '
) C=1/401pF
i,(07) =1, =2mA R=2K i(t) L
+
! 20025
Wy, = — = Figurel9 : RLC series circuit.
° VJIC
R
a=—=1000
2L
a < w, — We have under damped case:
2
O = /(wo — a?) =20000
i(t) = e [p, cos wdt + B, sin wdt] For t>0

1st semester 2015-2016
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i(t) = e~1900 [B) cos 20000t + B, sin 20000t]
To find 8, and S, , we need to have :

di(o™)

0t
i(0) And  —

i(0%) = i,(0%) = i,(07) = 2mA

=0t d; (0%
At =0 L ‘C(it ) 4 R(0%) —V,(07) + 0 =0
di(0%)  V.(07) — Ry(0%) 5
dt L B

Chapter 8  ENEE2301 — Network Analysisl 34
i(t) = e~ [B, cos 20000t + B, Sin 20000t ] For t>0
i(0%) = f, = 2mA
di(0%) 5

= 200008, — 2+ 1073(1000
di(0*

((it )=20000/32—2=—2—> B2=0

15

i(t) = 2 % e %% [cos 20000t |MA

1st semester 2015-2016
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Step response of series RLC circuit:
t=0 R3=Q L=1H
YYY
V.(01)=0 ,i(07)=0 W
Find i(t) for t >0 “ i(t) C=0.5F L
s=1v
KVL:
d 1 ]
(t
Vs = R;i(t) + LL) +V.(07) + = f i(t)dt
dt C
e
i) | pdi® 1o i(t) =i, (t
L—+R—=+Zi(0) =0 =) () = in(t)
L52+RS+%=0 5S52+4354+42=0

Si1=-1, S, =2 S; and S, are real and unequal
Over-damped case

Chapter 8  ENEE2301 — Network Analysisl 36
i(t)= Aje t + Ae 2t ; t>0
OR L _z
W, = —— =
° VIC
= R =15
a 5L .

a>w, — overdamped case

Tofind4d; & A,
i(0H=i(0) =0
d;(t 1
Vs = R;(t) +LL)+ V.(07) += fi(t)dt
dt C
At _t=0": 0o d.(0+
Vs =R;(0") + L ‘C(it )

+0+0

1st semester 2015-2016
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di(0%) _ V.(07) — R;(01) Vs 1
dt L L1
- i(t) = Aje "+ Ae™

i(0t) = A1 + A2 =0 e (1)

W= —Ay =24, =1 - )

Solving (1)&(2)

A;=1 A,=-1 -i(t)=et-e? ; t>0

V@) =(1-2et+ e 2t) volt ; >0
Chapter 8  ENEE2301 — Network Analysisl 38

Another Method To find V.(t) directly:

d;i(t)
dt

o e dV(®)
i(D=ic(t) = ¢ HL8

Vs = Rl(t) +L

+ @)

d?v.(t)
dt

Vs=RCY 4 ¢ +V.(8)

Ve(®) = Ven(8) + Ver ()
Vee(t) =k, Kis constant
k="Vs

Ve(®) = V() + Ven ()

0=LCS2+RCS+1 »0=-52+-S+1-85 =—1;5; = -2

1st semester 2015-2016
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Ve(©) = Ver () + Ven(2)

vt = Aje t+ A,e 2t + 1
To find 41,4,

V(07) =V.(07) =0

i(0) = iL(0) = i () = Cd]ﬁit)
St — i (Y dVC(O+)_
i,(0%) = i(0%) = C—5—=0
dv(0%) _

ac
Ve(0") =0

V.(t) = Aje t +A,e7 2t + 1

0=A4;+A4,+1
A+ Ay = —1 oo 1)
dVe(t)

- _ -t -2t
dt Ale 2A2€

W) _ Ay — 245 = 0 - (2)

Solving (1),(2)

A1:_2
A2:1

V()= 1—-2et+e 2 V

Chapter 8  ENEE2301 — Network Analysisl
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1) find i(t) for t>0
2) find Vc(t) for t>0

SiéD 15 K%
a) for t<0, t=0-
AN

279 :t:E ; 80 Q 5mH

=2 F i(t) 10%)

8::&-3 15 K§ §/c(0')

Figure 23:For t<0

V.(07) = 80 = 50 volt.

15k
— %
15k + 9k
;1 (07) =0

1st semester 2015-2016
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1

80 Q SmH

2) for t>0

KVL:

=L F : i(t): mi}(—)

t

S Y
+ V(0 )+E Jl(t)dt

0-

d;(t)

100 =
00 it

50 = Ri (t)+L#+Cf i(t)dt

Differentiate:

2 . .
LDy RO L i =0 Second
dt dt c . .
differentia

Figure 24: For t>0

order homogenous
| equation

Chapter 8  ENEE2301 — Network Analysisl
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() = in(®)
0=LCS?+RCS +1
0=10%10"952+10*1607°S + 1

S, = —8000 + j6000

S, = —8000 — j6000

Under damped case

i(t) = e [B, cos so00t + B, Sin
To find B, & B,:
i(0Y)=i(07)=0
di(0%)  V; = V.(07)

= = 10000
dt L

6000¢] For t>0

1st semester 2015-2016
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i(t) = 1.67e7 [sin sooot] A

For t>0

Chapter 8 ENEE2301 — Network Analysisl 43
B1=0
B, = 1.67

Chapter 8  ENEE2301 — Network Analysisl

44

2) find Vc(t) for t>0

B di(t)
Vs = R;(t) + LF + V.(¢t)

dv,(t)

it)y=i.(t)=C 1t

d?v,(t) LA

Vs =LC
S dt? dt

+v(8)

Ve(©) = Ver (©) + Ven(2)
Ver(0) =k
Vs=0+0+k
V() =k

Second order nonhomogeneous

differential equation.

1st semester 2015-2016
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To find V., (t):
0=LCS?+RCS+1
0=10%10"S2+10%1607°S + 1

S1 = —8000 + 6000
S, = —8000 — j6000

mmm) Under damped case

V. (t) = 100+e78%00t [B. cos 6000t + B, sin 6000t] For t>0

+
To find ;& B, we need: V.(0%) and %ﬁ))
v.,(07) = v,.(07) = 50 volt
dv(0%) dv,(0")
[ N = ) = ¢ = ¢ —
((07) =, (07) = C— 0 =0
Chapter 8  ENEE2301 — Network Analysisl 46

v.(07) = 100 + B; = 50

p1=-50
dv.(07)
i = —80008; + 600085,
B, = —66.67

V. (t) = [100 + e~8000t (—50 cos 6000t — 66.67 sin 6000¢)]
For t>0

1st semester 2015-2016
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Procedure for analyzing 2"-order circuits (series RLC and parallel RLC)
1. Find the characteristic equation and the natural response
A) s the circuit a series RLC or parallel RLC? (for t > 0 with independent sources killed)

B) Find o and o, and use these values in the characteristic equation: s? + 2as + w2

L (parallel RLC) a)nz :i (both series and parallel RLC)
2RC LC

a= R (series RLC) a=
2L

C) Find the roots of the characteristic equation (characteristic roots or natural frequencies).
D) Determine the form of the natural response based on the type of characteristic roots:
a) Overdamped: Real, distinct roots : X = Alesl‘ + Azesz‘

n

b) Un.d.erdamped: Complex roots : X, = et [A1 cos(Bt) + A,sin(B1t) ]
c) Critically damped: Repeated roots : «
= (At + A,e

2. Find the forced response - Analyze the circuit at t = oo to find x; = x().
3. Find the initial conditions, x(0) and x’(0).
A) Find x(0) by analyzing the circuit at t = 0- (find all capacitor voltages and inductor currents)
B) Analyze the circuit at t = 0* (using v(0) and i, (0) from step 3B) and find:
dve(07)_icl0) . diLe ‘) _v.(0)
dt Cc dt L
4. Find the complete response
A)  Find the total response, x(t) = X, + X; .
B)  Use the two initial conditions to solve for the two unknowns in the total response.

X

n

Chapter 8  ENEE2301 — Network Analysisl 48

Important Note: In determining if a circuit is a series
RLC or parallel RLC circuit, consider the circuit for t > 0
with all independent sources killed.

1st semester 2015-2016
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TABLE 8.3

TABLE 8.2  The Response of a Second-Order Circuit is

The Circuit is When Qualitative Nature of the Response
Overdamped @ > o
Underdamped o < o

Critically damped o = o}

or Critically Damped

The voltage or current approaches its final value without oscillation
The voltage or current oscillates about its final value

The voltage or current is on the verge of oscillating about its final value

In Determining the Natural Response of a Second-Order Circuit, We First Determine Whether it is Over-, Under-,
or Critically Damped, and Then We Solve the Appropriate Equations

Damping Natural Response Equations
Overdamped (1) = A’ + A
Underdamped x(t) = (B cos wyt + Bysinw t)e™™"

Critically damped x(t) = (Dt + Dy)e ™

TABLE 8.4

Coefficient Equations

X(0) = Ay + Ay
dx/dr(0} = Aps; + Ags;
x(0) = By

dx/de(0) = —aBy + wyBy,
where w; = Vi — of
x(0) = Dy,

dx/dtf0Y = Dv — o Dy

In Determining the Step Response of a Second-Order Circuit, We Apply the Appropriate Equations Depending
on the Damping

Damping Step Response Equations®
Overdamped x(r} = Xy + Aje + Azt
Underdamped x(t) = Xy + (Bjcos wyt + Bj sinwy)e™

Critically damped x(t) = Xy + Dire oy Dye

* where X ; is the final value of x(r).

Coeflicient Equations
x(0) = Xp+ A + A
dx/di{0) = A} s, + Ay sy
x(0) = Xy + By;
dx/di(0) = —aB| + 0B
x(0) = X, + Dy
dx/di(0) = D} — aD

and ).

b) Calculate ig(t), i, (t), and ic(f) for t = 0%,
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° Answer
Figure 8.1 A A circuit useq tollllustrate the natural ., _ 95 1ad /s
response of a parallel RLC circuit.
8.8 Suppose the capacitor in the circuit shown in R =8kQ
Fig. 8.1 has a value of 0.1 uF and an initial voltage o .
of 24 V. The initial current in the inductor is zero. o 5001 ad/s
The resulting voltage response fort = 01is L=40 H
o(r) = 8¢ P + 32¢7 V.
a) Determine the numerical values of R, L, a, IR = —1e 250t & 41000 mA,

iL: O.SE—QSUi _ O—SE—IUUUt mA

lc=0.2672%0 — 32710006 A
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8.21 The switch in the circuit of Fig. P8.21 has been in
mees  position a for a long time. At ¢ = 0 the switch
"M moves instantaneously to position b. Find v,(t) for
t = 0.
Figure P8.21
=4 16 % 10% i
Answer
Uy = 86—8000f o QQ—QUUGt \fr? / _-:_
52

8.36 The switch in the circuit in Fig. P8.36 has been

e open a long time before closing at + = 0. At the

UM time the switch closes, the capacitor has no stored
energy. Find v, for t = 0.

Figure P8.36

250 §2 _ )§

Answer
v,=0fort >0
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846 The switch in the circuit in Fig. P8.46 on the next
rseie  page has been in position a for a long time. Att = 0,
MUEM - the switch moves instantaneously to position b.

a) What is the initial value of v,?
b) What is the initial value of dv,/dt?

¢) What is the numerical expression for u,(t)
fort = 07

Figure P8.46
1kQ

Answer BV
) 0,(07) =75V

4 2kQ

3k

b) dva(07) _
dt

©) y, = 50e 0% 4 250710000y 4 > oF

-

—375,000V /s

400 mH
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8.48 The switch in the circuit shown in Fig. P8.48 has
been closed for a long time. The switch opens at
t = 0. Find v,(¢) fort = 0.

Figure P8.48

700 200

SmF—~u,

Answer

v, = 108¢ 1% cos 10t — 12¢ P sin 10V,

t =0
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