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3.1 Introduction

In this chapter we will do the following:

Write equations using Kirchhoff’s laws.

Not surprisingly, the behavior of an electric circuit is determined both by the types of
elements that comprise the circuit and by the way those elements are connected together. The
constitutive equations describe the elements themselves, and Kirchhoff’s laws describe the
way the elements are connected to each other to form the circuit.

Analyze simple electric circuits using only Kirchhoff’s laws and the constitutive equations
of the circuit elements.

Analyze two very common circuit configurations: series resistors and parallel resistors.

We will see that series resistors act like a “voltage divider” and parallel resistors act like
a “current divider.” Also, series resistors and parallel resistors provide our first examples
of an “equivalent circuit.” Figure 3.1-1 illustrates this important concept. Here a circuit has
been partitioned into two parts, 4 and B. Replacing B by an equivalent circuit, Beq, does not
change the current or voltage of any circuit element in part 4. It is in this sense that B, is
equivalent to B. We will see how to obtain an equivalent circuit when part B consists either
of series resistors or of parallel resistors.

Determine equivalent circuits for series voltage sources and parallel current sources.

Determine the equivalent resistance of a resistive circuit.

(a) (b)

FIGURE 3.1-1 Replacing B by an equivalent circuit, Beq, does not change the current or voltage of any circuit
element in 4.
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Often circuits consisting entirely of resistors can be reduced to a single equivalent resistor
by repeatedly replacing series and/or parallel resistors by equivalent resistors.

3.2 Kirchhoff’s Laws

An electric circuit consists of circuit elements that are connected together. The places where
the elements are connected to each other are called nodes. Figure 3.2-1a shows an electric
circuit that consists of six elements connected together at four nodes. It is common practice to
draw electric circuits using straight lines and to position the elements horizontally or vertically
as shown in Figure 3.2-15.

The circuit is shown again in Figure 3.2-1c, this time emphasizing the nodes. Notice that
redrawing the circuit using straight lines and horizontal and vertical elements has changed
the way that the nodes are represented. In Figure 3.2-1a, nodes are represented as points. In
Figures 3.2-1b,¢, nodes are represented using both points and straight-line segments.

(b)

— — + —
ilT yl izl U2 i3l U3 i5T U5
+ + - . + FIGURE 3.2-1

-~ (a) An electric circuit. (b) The same
: [T ] circuit, redrawn using straight lines and
b d horizontal and vertical elements. (¢)
The circuit after labeling the nodes and
(c) elements.
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The same circuit can be drawn in several different ways. One drawing of a circuit might look
much different from another drawing of the same circuit. How can we tell when two circuit
drawings represent the same circuit? Informally, we say that two circuit drawings represent the
same circuit if corresponding elements are connected to corresponding nodes. More formally,
we say that circuit drawings A and B represent the same circuit when the following three
conditions are met.

1. There is a one-to-one correspondence between the nodes of drawing A and the nodes of
drawing B. (A one-to-one correspondence is a matching. In this one-to-one correspondence,
each node in drawing A is matched to exactly one node of drawing B, and vice versa. The
position of the nodes is not important.)

2. There is a one-to-one correspondence between the elements of drawing A and the elements
of drawing B.

3. Corresponding elements are connected to corresponding nodes.

~—@—| EXAMPLE 3.2-1 Different Drawings of the Same Circuit =

Figure 3.2-2 shows four circuit drawings. Which of these drawings, if any, represent the same circuit as the circuit
drawing in Figure 3.2-1¢?

I - t C a1 a
[ | LI L4 T
] ] ]
I l ¢ 6 l : ¢
u [ v d | I | b
(a) (b)
d 5 | c 1
L S T L

(c) (d)

FIGURE 3.2-2 Four circuit drawings.
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Solution

The circuit drawing shown in Figure 3.2-2a has five nodes, labeled 1, s, t, u, and v. The circuit drawing in Figure 3.2-1¢
has four nodes. Since the two drawings have different numbers of nodes, there cannot be a one-to-one correspondence
between the nodes of the two drawings. Hence these drawings represent different circuits.

The circuit drawing shown in Figure 3.2-2) has four nodes and six elements, the same numbers of nodes and
elements as the circuit drawing in Figure 3.2-1c¢. The nodes in Figure 3.2-2) have been labeled in the same way as the
corresponding nodes in Figure 3.2-1¢. For example, node ¢ in Figure 3.2-2b corresponds to node ¢ in Figure 3.2-1c.
The elements in Figure 3.2-2b have been labeled in the same way as the corresponding elements in Figure 3.2-1¢. For
example, element 5 in Figure 3.2-25 corresponds to element 5 in Figure 3.2-1¢. Corresponding elements are indeed
connected to corresponding nodes. For example, element 2 is connected to nodes a and b, both in Figure 3.2-2b and in
Figure 3.2-1c. Consequently, Figure 3.2-2b and Figure 3.2-1c represent the same circuit.

The circuit drawing shown in Figure 3.2-2¢ has four nodes and six elements, the same numbers of nodes and
elements as the circuit drawing in Figure 3.2-1¢. The nodes and elements in Figure 3.2-2¢ have been labeled in the
same way as the corresponding nodes and elements in Figure 3.2-1¢. Corresponding elements are indeed connected to
corresponding nodes. Therefore Figure 3.2-2¢ and Figure 3.2-1c represent the same circuit.

The circuit drawing shown in Figure 3.2-2d has four nodes and six elements, the same numbers of nodes and elements
as the circuit drawing in Figure 3.2-1c. However, the nodes and elements of Figure 3.2-2d cannot be labeled so that
corresponding elements of Figure 3.2-1¢ are connected to corresponding nodes. (For example, in Figure 3.2-1c three
elements are connected between the same pair of nodes, a and b. That does not happen in Figure 3.2-2d.) Consequently,
Figure 3.2-2d and Figure 3.2-1c represent different circuits.

In 1847, Gustav Robert Kirchhoff, a professor at the University of Berlin, formulated two
important laws that provide the foundation for analysis of electric circuits. These laws are
referred to as Kirchhoff’s current law (KCL) and Kirchhoff's voltage law (KVL) in his honor.
Kirchhoff’s laws are a consequence of conservation of charge and conservation of energy.
Gustav Robert Kirchhoff is pictured in Figure 3.2-3.

Kirchhoff’s current law states that the algebraic sum of the currents entering any node is
identically zero for all instants of time.

Kirchhoff’s current law (KCL): The algebraic sum of the currents into a node at any
instant is zero.

FIGURE 3.2-3
Gustav Robert Kirchhoff
(1824-1887). Kirchhoff

stated two laws in 1847 The phrase algebraic sum indicates that we must take reference directions into account as we

regarding the current and
voltage in an electrical
circuit. Courtesy of the
Smithsonian Institution.

add up the currents of elements connected to a particular node. One way to take reference
directions into account is to use a plus sign when the current is directed away from the node
and a minus sign when the current is directed toward the node. For example, consider the circuit
shown in Figure 3.2-1c¢. Four elements of this circuit—elements 1, 2, 3, and 4—are connected
to node a. By Kirchhoff’s current law, the algebraic sum of the element currents iy, i,, i3, and
is must be zero. Currents i, and i3 are directed away from node a, so we will use a plus sign
for i, and #3. In contrast, currents /; and i4 are directed toward node a, so we will use a minus
sign for i; and i4. The KCL equation for node a of Figure 3.2-1c is

—i1+iy+i3—is=0 3.2-1)

An alternate way of obtaining the algebraic sum of the currents into a node is to set the sum
of all the currents directed away from the node equal to the sum of all the currents directed
toward that node. Using this technique, we find that the KCL equation for node a of Figure
3.2-1cis

iy +i3=1i1+i4 (3.2-2)
Clearly, Egs. 3.2-1 and 3.2-2 are equivalent.
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Similarly, the Kirchhoff’s current law equation for node b of Figure 3.2-1c is
i1 =1y +i3+1is

Before we can state Kirchhoff’s voltage law, we need the definition of a loop. A loop is a
closed path through a circuit that does not encounter any intermediate node more than once.
For example, starting at node a in Figure 3.2-1¢, we can move through element 4 to node c, then
through element 5 to node d, through element 6 to node b, and finally through element 3 back
to node a. We have a closed path, and we did not encounter any of the intermediate nodes—b,
¢, or d—more than once. Consequently, elements 3, 4, 5, and 6 comprise a loop. Similarly,
elements 1, 4, 5, and 6 comprise a loop of the circuit shown in Figure 3.2-1c. Elements 1 and
3 comprise yet another loop of this circuit. The circuit has three other loops: elements 1 and 2,

elements 2 and 3, and elements 2, 4, 5, and 6.
We are now ready to state Kirchhoff’s voltage law.

Kirchhoff’s voltage law (KVL): The algebraic sum of the voltages around any loop in a
circuit is identically zero for all time.

The phrase algebraic sum indicates that we must take polarity into account as we add up
the voltages of elements that comprise a loop. One way to take polarity into account is to
move around the loop in the clockwise direction while observing the polarities of the element
voltages. We write the voltage with a plus sign when we encounter the + of the voltage polarity
before the —. In contrast, we write the voltage with a minus sign when we encounter the — of
the voltage polarity before the +. For example, consider the circuit shown in Figure 3.2-1c.
Elements 3, 4, 5, and 6 comprise a loop of the circuit. By Kirchhoff’s voltage law, the algebraic
sum of the element voltages vs, v4, vs, and vg must be zero. As we move around the loop in the
clockwise direction, we encounter the + of v4 before the —, the — of v5 before the +, the — of
ve before the +, and the — of v; before the 4. Consequently, we use a minus sign for v3, vs,
and v and a plus sign for v4. The KCL equation for this loop of Figure 3.2-1c is

V4—Vs—Vvg—v3 =20
Similarly, the Kirchhoff’s voltage law equation for the loop consisting of elements 1, 4, 5, and
6 is

v4—Vvs—ve+v =0
The Kirchhoff’s voltage law equation for the loop consisting of elements 1 and 2 is

—vy4+v; =0

o[ Examrie 3.2-2_Kirchhaffs Lans | ] reracrive xamee B

Consider the circuit shown in Figure 3.2-4a. Determine the power supplied by element C and the power received by
element D.

Solution
Figure 3.2-4a provides a value for the current in element C but not for the voltage, v, across element C. The voltage
and current of element C given in Figure 3.2-4a adhere to the passive convention, so the product of this voltage and
current is the power received by element C. Figure 3.2-4a provides a value for the voltage across element D but not for
the current, 7, in element D. The voltage and current of element D given in Figure 3.2-4a do not adhere to the passive
convention, so the product of this voltage and current is the power supplied by element D.

We need to determine the voltage, v, across element C and the current, i, in element D. We will use Kirchhoff’s laws
to determine values of v and i. First, we identify and label the nodes of the circuit as shown in Figure 3.2-4b.
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(b)

FIGURE 3.2-4 (a) The circuit considered in Example 3.2-2 and () the circuit redrawn to emphasize the nodes.

Apply Kirchhoff’s voltage law (KVL) to the loop consisting of elements C, D, and B to get
—v—(-4)-6=0 = v=-2V

The value of the current in element C in Figure 3.2-4b is 7 A. The voltage and current of element C given in Figure
3.2-4b adhere to the passive convention, so

pc=v()=(-2)(7)=-14W

is the power received by element C. Therefore element C supplies 14 W.
Next, apply Kirchhoff’s current law (KCL) at node b to get

T4+ (=10)4+i=0 = i=3A

The value of the voltage across element D in Figure 3.2-4b is —4 V. The voltage and current of element D given in
Figure 3.2-4b do not adhere to the passive convention, so the power supplied by element F is given by

po=(—4)i=(-4(3)=-12W

Therefore, element D receives 12 W.

—® | EXAMPLE 3.2-3 Ohm's and Kirchhoff’s Laws

Consider the circuit shown in Figure 3.2-5. Notice that the passive convention was used to assign reference directions to
the resistor voltages and currents. This anticipates using Ohm’s law. Find each current and each voltage when R = 8 €2,
v, =—10V, i3 =2A, and R; =1 Q. Also, determine the resistance R,.

Solution
The sum of the currents entering node a is

ip—ip—iz=0

17:58
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Using Ohm’s law for R3, we find that § ’
V3=R3i3=1(2)=2v .
R
Kirchhoff’s voltage law for the bottom loop incorporating vi, v3, and the 10-V 2 §+v2 Cﬁ 12V
source is . )
iof| i R;3
—104+vi+v3=0 a _+'
Therefore, vi=10—v =8V nf| ’
Ohm’s law for the resistor R; is Ry § vy CI 10V
V) = Rlil *
or ii=vi/Ri=8/8=1A O———0
. .. 3 3.2-5
Since we have now found i; = 1 A and i3 =2 A as originally stated, then f:li(:clffwi th two
h=i1—i3=1—-2=—-1A constant-voltage sources.

We can now find the resistance R, from
V2 = Raip

or Ry =va/ir=—10/—1=10Q

—®—| EXAMPLE 3.2-4 Ohm's and Kirchhoff’s Laws ﬂrﬁ

Determine the value of the current, in amps, measured by the ammeter in Figure 3.2-6a.

Solution
An ideal ammeter is equivalent to a short circuit. The current measured by the ammeter is the current in the short
circuit. Figure 3.2-6b shows the circuit after replacing the ammeter by the equivalent short circuit.

The circuit has been redrawn in Figure 3.2-7 to label the nodes of the circuit. This circuit consists of a voltage
source, a dependent current source, two resistors, and two short circuits. One of the short circuits is the controlling
element of the CCCS, and the other short circuit is a model of the ammeter.

Applying KCL twice, once at node d and again at node a, shows that the current in the voltage source and the current
in the 4-Q resistor are both equal to i,. These currents are labeled in Figure 3.2-7. Applying KCL again, at node c,
shows that the current in the 2-€2 resistor is equal to i,,. This current is labeled in Figure 3.2-7.

[TTT]

—© Ammeter @

12V

12v

(b) FIGURE 3.2-7 The circuit of Figure 3.2-6 after
FIGURE 3.2-6 (a) A circuit with dependent source and an ammeter. (b) The labeling the nodes and some element currents
equivalent circuit after replacing the ammeter by a short circuit. and voltages.
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Next, Ohm’s law tells us that the voltage across the 4-S2 resistor is equal to 4 i, and that the voltage across the 2-$2
resistor is equal to 2 i,,. Both of these voltages are labeled in Figure 3.2-7.
Applying KCL at node b gives

—iy —3ip —in =0

Applying KVL to closed path a-b-c-e-d-a gives
1
0=—4i, +2in— 12 = _4<_Zim> + 20 — 12 =3iy — 12

Finally, solving this equation gives

in=4A

—@[Exampie 3.2.5_Ohmb and Kirchhoff s Laws (A wreractive exampLe '

Determine the value of the voltage, in volts, measured by the voltmeter in Figure 3.2-8a.

Solution
An ideal voltmeter is equivalent to an open circuit. The voltage measured by the voltmeter is the voltage across the
open circuit. Figure 3.2-8b shows the circuit after replacing the voltmeter by the equivalent open circuit.

The circuit has been redrawn in Figure 3.2-9 to label the nodes of the circuit. This circuit consists of a voltage
source, a dependent voltage source, two resistors, a short circuit, and an open circuit. The short circuit is the controlling
element of the CCVS, and the open circuit is a model of the voltmeter.

Applying KCL twice, once at node d and again at node a, shows that the current in the voltage source and the current
in the 4-Q resistor are both equal to i,. These currents are labeled in Figure 3.2-9. Applying KCL again, at node c,
shows that the current in the 5-Q2 resistor is equal to the current in the open circuit, that is, zero. This current is labeled
in Figure 3.2-9. Ohm’s law tells us that the voltage across the 5-2 resistor is also equal to zero. Next, applying KVL
to the closed path b-c-f-e-b gives vy, =3 i,.

[TTT]

o Voltmeter @

(b)
FIGURE 3.2-8 (a) A circuit with dependent source and a voltmeter. FIGURE 3.2-9 The circuit of Figure 3.2-8b
(b) The equivalent circuit after replacing the voltmeter by a open after labeling the nodes and some element

circuit. currents and voltages.
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Applying KVL to the closed path a-b-e-d-a gives
—4i, +3i, —12=0
SO ip=—12A
Finally
Vv = 3i, =3(—12) = -36V

Exercise 3 2-1 Determine the values of i3, i, Ig, V2, Va4, and vg in Figure E 3.2-1.
Answer:iz=—-3A,i4=3A,ic=4A,v;=-3V,iu=—6V,15=6V

+3V-
a C a
L= 1
+ - i3 4 +
3v|:A:|l2A vzllA 6v11A ve|:F:|Ti6
_ N W - _
[ p |—4
|
- Vg + FIGURE E 3.2-1

3.3 Series Resistors and Voltage Division

Let us consider a single-loop circuit, as shown in Figure 3.3-1. In anticipation of using Ohm’s
law, the passive convention has been used to assign reference directions to resistor voltages
and currents.

The connection of resistors in Figure 3.3-1 is said to be a series connection since all the
elements carry the same current. To identify a pair of series elements, we look for two elements
connected to a single node that has no other elements connected to it. Notice, for example, that
resistors Ry and R, are both connected to node b and that no other circuit elements are connected
to node b. Consequently, i; =iy, so both resistors have the same current. A similar argument  FIGURE 3.3-1
shows that resistors R, and R; are also connected in series. Noticing that R, is connected in ~ Single-loop circuit with a
series with both R and Rs, we say that all three resistors are connected in series. The order of voltage source vs.
series resistors is not important. For example, the voltages and currents of the three resistors
in Figure 3.3-1 will not change if we interchange the positions R, and Rj.

Using KCL at each node of the circuit in Figure 3.3-1, we obtain

is =1
i1 =1

Ih =13

/e e g R

i3 = I
Consequently Is=i1 =l =13
In order to determine i;, we use KVL around the loop to obtain
vi+va+vy—vy,=0
where, for example, v; is the voltage across the resistor R;. Using Ohm’s law for each resistor,

Riiy 4+ Ryir + Rois — vy =0 = Ryi1 + Ryii + Ryiy = vq
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+ U -

Tis Ry i3 -

(a) () FIGURE 3.3-2

Solving for i}, we have
. Vg
=
Ri+ Ry + Rz

Thus, the voltage across the nth resistor R, is v, and can be obtained as
vsR
v, =01 R, = st
Ri+ Ry +R;3

For example, the voltage across resistor R; is
R,

V)= ———— v
Ri+ Ry + R3

Thus, the voltage appearing across one of a series of resistors connected in series with a voltage
source will be the ratio of its resistance to the total resistance. This circuit demonstrates the
principle of voltage division, and the circuit is called a voltage divider.

In general, we may represent the voltage divider principle by the equation

— Rn
 Ri+R+--+Ry

Va Vs

where v, is the voltage across the nth resistor of N resistors connected in series.

We can replace series resistors by an equivalent resistor. This is illustrated in Figure 3.3-2.
The series resistors R, Ry, and R3 in Figure 3.3-2a are replaced by a single, equivalent resistor
R in Figure 3.3-2b. Ry is said to be equivalent to the series resistors R;, R,, and R3; when
replacing R;, R,, and R; by Ry does not change the current or voltage of any other element
of the circuit. In this case, there is only one other element in the circuit, the voltage source.
We must choose the value of the resistance Ry so that replacing R, R,, and R3 by R will not
change the current of the voltage source. In Figure 3.3-2a we have

. Vs

j= ——————
" Ri+R+Rs
In Figure 3.3-2b we have
Vs
Ry

Since the voltage source current must be the same in both circuits, we require that

iy =

Ri=Ri+ Ry + R;

In general, the series connection of N resistors having resistances R, R, ... Ry is equivalent
to the single resistor having resistance

Ri=Ri+Ry+---+ Ry
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Replacing series resistors by an equivalent resistor does not change the current or voltage of
any other element of the circuit.
Next, let’s calculate the power absorbed by the series resistors in Figure 3.3-2a:

p=1iRi+i’Ry+ iRy
Doing a little algebra gives
P =i (R + Ry + R3) = i’ Rs

which is equal to the power absorbed by the equivalent resistor in Figure 3.3-2b. We conclude
that the power absorbed by series resistors is equal to the power absorbed by the equivalent
resistor.

Let us consider the circuit shown in Figure 3.3-3 and determine the resistance R, required so that the voltage across
R, will be 1/4 of the source voltage when R; =9 Q. Determine the current flowing when vy =12 V.

Solution
The voltage across resistor R, will be
R,
V) = mvs
Since we desire v,/vs = 1/4, we have
Ry 1

Ri+R, 4

or Ry =3R,

Since R; =9 2, we require that R, =3 Q. Using KVL around the loop, we have
—Vs+vi+vy=0

or ve = IR+ iRy
Therefore, PR N (3.3-1)
R+ R,
12
or i=—=1A
12
i Ry

Ug e Ry

FIGURE 3.3-3
Voltage divider circuit with R; =9 Q.

For the circuit of Figure 3.3-44, find the current measured by the ammeter. Then show that the power absorbed by the
two resistors is equal to that supplied by the source.

Solution
Figure 3.3-4b shows the circuit after the ideal ammeter has been replaced by the equivalent short circuit and a label
has been added to indicate the current measured by the ammeter, i;,. Applying KVL gives

15+ 5im +10i, =0

17:58
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15V [TTT] 15V

o Ammeter @ e

10Q

(a) (b)
FIGURE 3.3-4 (a) A circuit containing series resistors. (b) The circuit after the ideal ammeter has been replaced by
the equivalent short circuit and a label has been added to indicate the current measured by the ammeter, ip,.

The current measured by the ammeter is
) 15
in=——-—=—1A
5410

(Why is ip, negative? Why can’t we just divide the source voltage by the equivalent resistance? Recall that when we
use Ohm’s law, the voltage and current must adhere to the passive convention. In this case, the current calculated by
dividing the source voltage by the equivalent resistance does not have the same reference direction as #,,, and so we
need a minus sign.)

The total power absorbed by the two resistors is

pr = SiZ 4+ 10i2 = 15(11) = 15 W
The power supplied by the source is
Ps = —Vsim = —15(=1) =15 W

Thus, the power supplied by the source is equal to that absorbed by the series connection of resistors.

- @ IEXAMPLE 3.3-3 Joltage Divider Design I —

The input to the voltage divider in Figure 3.3-5 is the voltage, vs, of the voltage source. The output is the voltage, v,
measured by the voltmeter. Design the voltage divider; that is, specify values of the resistances, R; and R», to satisfy
both of these specifications

[ITTT]

- © Voltmeter @

FIGURE 3.3-5
Voltage Divider A voltage divider.

Specification 1: The input and output voltages are related by v, = 0.8 vs.
Specification 2: The voltage source is required to supply no more than 1 mW of power when the input to the
voltage divider is vy =20 V.

Solution
We’ll examine each specification to see what it tells us about the resistor values.
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Specification 1: The input and output voltages of the voltage divider are related by

R
Vo= ————V
o R, + R, s
So specification 1 requires
R,
——— =08 = R, =4R
Ry + Ry S

Specification 2: The power supplied by the voltage source is given by

. < Vs ) Vs2
= IgVg = Ve =
Ds sVs R+ R, s R+ R,

So specification 2 requires
0.001 > ﬂ = R, + R, > 400 x 10° = 400 k2
Ry + R,
Combining these results gives
S5R; = 400 k2
The solution is not unique. One solution is

Ry =100k and R, = 400 k2

Exercise 3.3-1 Determine the voltage measured by the voltmeter in the circuit shown
in Figure E 3.3-1a.

Hint: Figure E 3.3-1b shows the circuit after the ideal voltmeter has been replaced by the
equivalent open circuit and a label has been added to indicate the voltage measured by the
voltmeter, v,.

Answer: vy, =2V

750 [LTT] 750

o Voltmeter @

8V 25Q

(a) (b)
FIGURE E 3.3-1 (a) A voltage divider. (b) The voltage divider after the ideal voltmeter has been replaced by the
equivalent open circuit and a label has been added to indicate the voltage measured by the voltmeter, vyy,.

Exercise 3.3-2  Determine the voltage measured by the voltmeter in the circuit shown
in Figure E 3.3-2a.

Hint: Figure E 3.3-2b shows the circuit after the ideal voltmeter has been replaced by the
equivalent open circuit and a label has been added to indicate the voltage measured by the
voltmeter, vy,.

Answer: vy =—2V

October 14, 2005
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750 [LTT] 750

© Voltmeter @

8V 25Q

(a) (b)
FIGURE E 3.3-2 (a) A voltage divider. (b) The voltage divider after the ideal voltmeter has been replaced by the
equivalent open circuit and a label has been added to indicate the voltage measured by the voltmeter, vy,.

3.4 Parallel Resistors and Current Division

Circuit elements, such as resistors, are connected in parallel when the voltage across each
element is identical. The resistors in Figure 3.4-1 are connected in parallel. Notice, for example,
that resistors R; and R, are each connected to both node a and node b. Consequently, vi =v,,
so both resistors have the same voltage. A similar argument shows that resistors R, and R;3
are also connected in parallel. Noticing that R, is connected in parallel with both R, and R;,
we say that all three resistors are connected in parallel. The order of parallel resistors is not
important. For example, the voltages and currents of the three resistors in Figure 3.4-1 will not
change if we interchange the positions R, and Rj.

The defining characteristic of parallel elements is that they have the same voltage. To identify
a pair of parallel elements, we look for two elements connected between the same pair of nodes.

Consider the circuit with two resistors and a current source shown in Figure 3.4-2. Note
that both resistors are connected to terminals a and b and that the voltage v appears across each
parallel element. In anticipation of using Ohm’s law, the passive convention is used to assign
reference directions to the resistor voltages and currents. We may write KCL at node a (or at
node b) to obtain

is—ip—ip=0
or is =11 +1i2

However, from Ohm’s law

v A%
i] = — and iz = —
1 Ry
Then =YY 3.4-1
Ls R, + R, (3.4-1)
Recall that we defined conductance G as the inverse of resistance R. We may therefore rewrite
Eq.3.4-1 as
is=Gv+ Gy =(Gy + Gy)v (3.4-2)
a
+ + + s “ Rz
Us R1 U1 R2 U2 R3 U3

g - FIGURE 3.4-2 Parallel
circuit with a current
FIGURE 3.4-1 A circuit with parallel resistors. source.
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Thus, the equivalent circuit for this parallel circuit is a conductance G,, as shown in Figure
3.4-3, where

G, =G+ G,
The equivalent resistance for the two-resistor circuit is found from
Gl
TR R
Since G, = 1/R,, we have
1 1 1
R, R R
or
Ry, = _Rika (3.4-3)
R+ R,

Note that the total conductance, G, increases as additional parallel elements are added and
that the total resistance, R,,, declines as each resistor is added.

The circuit shown in Figure 3.4-2 is called a current divider circuit since it divides the
source current. Note that

i1 = G1V (34—4)
Also, since i; = (G + G2)v, we solve for v, obtaining

Is

V= —— 3.4-5
G+ G, ( )
Substituting v from Eq. 3.4-5 into Eq.3.4-4, we obtain
Gis
| = ——— 3.4-6
i G 1 G ( )
Similarly, i = Gais
G+ G,

Note that we may use G, = 1/R; and G| = 1/R| to obtain the current i, in terms of two resistances
as follows:

0 R 1is
Ip= ———
Ry + R,
The current of the source divides between conductances G and G, in proportion to their
conductance values.
Let us consider the more general case of current division with a set of N parallel conductors
as shown in Figure 3.4-4. The KCL gives

is=1I01+ir+iz+---+iyn (34-7)

for which
i, =G,v (3.4-8)

forn=1,..., N. We may write Eq. 3.4-7 as

is=(G1+ G+ G35+ -+ Gy (3.4-9)

Therefore

N

iy = VZG,, (3.4-10)

October 14, 2005

FIGURE 3.4-3
Equivalent circuit for a
parallel circuit.

lN Y
N Gy

+ oy -

'3 Gs
i2 (;2
i1
_1>(11

iS
FIGURE 3.4-4
Set of N parallel

conductances with a
current source is.

17:58



P1: IML/OVY P2: IML/OVY QC: IML/OVY T1: IML
GTBLO002-dorfc03 GTBLO002-Dorf-v32 October 14, 2005 17:58

6 +  Resistive Circuits

Since i, = G, v, we may obtain v from Eq. 3.4-10 and substitute it in Eq. 3.4-8, obtaining
Gy

N
>,
n=1

Recall that the equivalent circuit, Figure 3.4-3, has an equivalent conductance G, such that

I, =

(3.4-11)

N
Gy=) G, (3.4-12)
n=1
Therefore
Gn AS
i : (3.4-13)
GP

which is the basic equation for the current divider with N conductances. Of course, Eq. 3.4-12
can be rewritten as

XN: 1
—=¥"_ (3.4-14)
R, “—R

—® | EXAMPLE 3.4-1  Parallel Resistors | =

For the circuit in Figure 3.4-5 find (a) the current in each branch, (b) the equivalent circuit, and (c) the voltage v. The
resistors are

1 1 1
Ri==Q, R=-Q, R3=-Q
2 4 8
Solution
The current divider follows the equation
. GniS
In
Gy

so it is wise to find the equivalent circuit, as shown in Figure 3.4-6, with its equivalent conductance G,. We have

N
Gp=) Gu=Gi+Gy+G3=2+4+8=148

n=1

Recall that the units for conductance are siemens (S). Then

Gis 2
= L8y —4A
G, 14
Similarly, i = GGzis = @ =8A
p

28 A Ry R, VR,

FIGURE 3.4-6 Equivalent circuit for the
FIGURE 3.4-5 Parallel circuit for Example 3.4-1. parallel circuit of Figure 3.4-5.
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Gai
and =25 _16A
Gp
Since i, = G, v, we have
4
v="2 —Z_2v
Gy 2

-~ @ IEXAMPLE 3.4-2 Parallel Resistors | i‘% INTERACTIVE EXAMPLE

For the circuit of Figure 3.4-74, find the voltage measured by the voltmeter. Then show that the power absorbed by the
two resistors is equal to that supplied by the source.

[TTT]

* © Voltmeter @

250 mA 40 Q 10Q

(a)

+
250 mA 40Q 'mll0Q

(b)
FIGURE 3.4-7 (a) A circuit containing parallel resistors. (b) The circuit after the ideal voltmeter has been replaced by the equivalent open circuit

and a label has been added to indicate the voltage measured by the voltmeter, vy,. (c) The circuit after the parallel resistors have been replaced by
an equivalent resistance.

Solution
Figure 3.4-7b shows the circuit after the ideal voltmeter has been replaced by the equivalent open circuit and
a label has been added to indicate the voltage measured by the voltmeter, v,,. The two resistors are connected
in parallel and can be replaced with a single equivalent resistor. The resistance of this equivalent resistor is
calculated as

40-10

40+10

Figure 3.4-7¢ shows the circuit after the parallel resistors have been replaced by the equivalent resistor. The current
in the equivalent resistor is 250 mA, directed upward. This current and the voltage vy, do not adhere to the passive
convention. The current in the equivalent resistance can also be expressed as —250 mA, directed downward. This
current and the voltage vy, do adhere to the passive convention. Ohm’s law gives

Vi = 8(—0.25) = —2 V

The voltage v, in Figure 3.4-7b is equal to the voltage vy, in Figure 3.4-7¢. This is a consequence of the equivalence
of the 8-Q2 resistor to the parallel combination of the 40-2 and 10-S2 resistors. Looking at Figure 3.4-7b, we see that
the power absorbed by the resistors is

V2 V2 22 2
Umy w2 L 01 404=05W
PR=207T70 730 10 +
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The power supplied by the current source is
ps =2(0.25)=05W

Thus, the power absorbed by the two resistors is equal to that supplied by the source.

—@&—| EXAMPLE 3.4-3 Current Divider Design

The input to the current divider in Figure 3.4-8 is the current, i, of the current source. The output is the current, i,
measured by the ammeter. Specify values of the resistances, R; and R», to satisfy both of these specifications:

[TTT]

o Ammeter @

Current Divider FIGURE 3.4-8

Specification 1: The input and output currents are related by i, = 0.8 i;.

Specification 2: The current source is required to supply no more than 10 mW of power when the input to the

current divider is i; = 2 mA.

Solution
We’ll examine each specification to see what it tells us about the resistor values.
Specification 1: The input and output currents of the current divider are related by

: R, .
lo = mls
So specification 1 requires
R o8 o ro—4nr
R+ R,

Specification 2: The power supplied by the current source is given by
et () - ()
S sVs S S Rl + R2 S R1 + Rz

2 RiRy RiR,
0.01 > (0.002( -2} o ST 9509
Ri+ R, R+ R,

So specification 2 requires

Combining these results gives

Ri(4R2) <2500:4R <2500 = R, <3125Q
Ry +4R, — 5 b= b=

The solution is not unique. One solution is

Rl =3kQ and R2 = 12 k2

17:58
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Exercise 3.4-1 A resistor network consisting of parallel resistors is shown in a package
used for printed circuit board electronics in Figure E 3.4-1a. This package is only 2 cm X
0.7 cm, and each resistor is 1 k2. The circuit is connected to use four resistors as shown in
Figure E 3.4-1b. Find the equivalent circuit for this network. Determine the current in each
resistor when ig = 1 mA.

Answer: R, =250 Q

(b)
FIGURE E 3.4-1 (a) A parallel resistor network. Courtesy of Dale Electronics. (b) The connected circuit uses four
resistors where R = 1 kQ.

Exercise 3.4-2  Determine the current measured by the ammeter in the circuit shown
in Figure E 3.4-24.

Hint: Figure E 3.4-2b shows the circuit after the ideal ammeter has been replaced by the
equivalent short circuit and a label has been added to indicate the current measured by the
ammeter, ip,.

Answer: ipn=—1A

100 [TTT]

o Ammeter @

5 A 100
g ol
(a)
40 Q
5A 10Q }im
(b)

FIGURE E 3.4-2 (a) A current divider. (b) The current divider after the ideal ammeter has been replaced by the
equivalent short circuit and a label has been added to indicate the current measured by the ammeter, 7y,.

October 21, 2005
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3.5 Series Voltage Sources and Parallel Current Sources

Voltage sources connected in series are equivalent to a single voltage source. The voltage of
the equivalent voltage source is equal to the sum of voltages of the series voltage sources.

Consider the circuit shown in Figure 3.5-1a. Notice that the currents of both voltage sources
are equal. Accordingly, define the current, i, to be

is =i, = ip (3.5-1)
Next, define the voltage, vs, to be
Vs = Vo + Vp (3.5-2)

Using KCL, KVL, and Ohm’s law, we can represent the circuit in Figure 3.5-1a by the
equations

ip = R + iy (3.5-3)
is = %22 + i3 (3.5-4)
Ve =V (3.5-5)
VI =Vs+ Vs (3.5-6)
vy = i3R; (3.5-7)

where iy =i, =iy and v =v, +w,. These same equations result from applying KCL, KVL,
and Ohm’s law to the circuit in Figure 3.5-1b. If iy =i, = iy, and v = v, + wy, then the circuits
shown in Figures 3.5-1a and 3.5-1b are equivalent because they are both represented by the
same equations.

For example, suppose that i, =4 A, R1 =22, R, =62, R3 =32, v,=1V,and v, =3 V.
The equations describing the circuit in Figure 3.5-1a become

4= vz—l +i (3.5-8)

FIGURE 3.5-1

(a) A circuit containing voltage sources

(b) connected in series and (b) an equivalent circuit.
q

October 14, 2005
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=240 (3.5-9)
6

Ve =i (3.5-10)

Vi =4+, (3.5-11)

Vs = 3i3 (3.5-12)

Figure 3.5-2a shows a circuit containing parallel current sources. The circuit in Figure
3.5-2b is obtained by replacing these parallel current sources by a single, equivalent current
source. The current of the equivalent current source is equal to the sum of the currents of the
parallel current sources.

We are not allowed to connect independent current sources in series. Series elements have
the same current. This restriction prevents series current sources from being independent.
Similarly, we are not allowed to connect independent voltage sources in parallel.

Table 3.5-1 summarizes the parallel and series connections of current and voltage
sources.

The solution to this set of equationsisv; =6 V,is=1A,i3 =0.66 A,v, =2 V,and v, = 6 V. Egs.
3.5-8 to 3.5-12 also describe the circuit in Figure 3.5-1b. Thus, vi =6V, is=1A, i3 =0.66 A, R, R3
v, =2V, and v, = 6 V in both circuits. Replacing series voltage sources by a single, equivalent
voltage source does not change the voltage or current of other elements of the circuit. %
® ko

(b)
FIGURE 3.5-2
(a) A circuit containing
parallel current sources

and (b) an equivalent
circuit.

Table 3.5-1 Parallel and Series Voltage and Current Sources

CIRCUIT EQUIVALENT CIRCUIT CIRCUIT EQUIVALENT CIRCUIT

Uy Up Uy + Uy o o
i

W e O O Qs
OO

iq ip 0

o—@—o—@—o Not allowed
O

&
)
N4

o

|
~.

o

Not allowed
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3.6 Circuit Analysis

In this section we consider the analysis of a circuit by replacing a set of resistors with an
equivalent resistance, thus reducing the network to a form easily analyzed.

Consider the circuit shown in Figure 3.6-1. Note that it includes a set of resistors that is in
series and another set of resistors that is in parallel. It is desired to find the output voltage v,,
so we wish to reduce the circuit to the equivalent circuit shown in Figure 3.6-2.

RS
R, R, Ry
vs R, Rs vo S R
FIGURE 3.6-2
FIGURE 3.6-1 Circuit with a set of series resistors and a set of Equivalent circuit for the
parallel resistors. circuit of Figure 3.6-1.

We note that the equivalent series resistance is
Ry =Ri+ Ry + R3

and the equivalent parallel resistance is

R 1
PTG,
where Gp =G4+ Gs + Gg
Then, using the voltage divider principle, with Figure 3.6-2, we have
R
Vo = 7})‘}5
Ry + R,

Replacing the series resistors by the equivalent resistor Ry did not change the current or voltage
of any other circuit element. In particular, the voltage v, did not change. Also, the voltage v,
across the equivalent resistor R, is equal to the voltage across each of the parallel resistors.
Consequently, the voltage v, in Figure 3.6-2 is equal to the voltage v, in Figure 3.6-1. We can
analyze the simple circuit in Figure 3.6-2 to find the value of the voltage v, and know that the
voltage v, in the more complicated circuit shown in Figure 3.6-1 has the same value.

—@ I EXAMPLE 3.6-1 Series and Parallel Resistors I =

Consider the circuit shown in Figure 3.6-3. Find the current i; when

Ry=2Q and Ry=R;=8Q

%CD §3Q

90 §189 |

30 90 Ry 18Q

FIGURE 3.6-3 (a) Circuit for Example 3.6-1. (b) Partially reduced circuit for Example 3.6-1.

(a) (b)

18:58
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Solution

Since the objective is to find i;, we will attempt to reduce the circuit so that the 3-Q resistor is in parallel with one
resistor and the current source i;. Then we can use the current divider principle to obtain #;. Since R, and R; are in
parallel, we find an equivalent resistance as

RyR3
Ry = —22 =4Q
Ry + R3

Then adding R, to R4, we have a series equivalent resistor
Ri=R4+ Ry =2+4=6Q

Now the Ry resistor is in parallel with three resistors as shown in Figure 3.6-3h. However, we wish to obtain the
equivalent circuit as shown in Figure 3.6-4 so that we can find i;. Therefore, we combine the 9-2 resistor, the 18-
resistor, and R, shown to the right of terminals a-b in Figure 3.6-35 into one parallel equivalent conductance Gp,. Thus,
we find

1 1 1 1 1 1 1

G = — —_ _—= - _— —:—S
P T R TR T T 8T 63

I
i 3Q Gpy
FIGURE 3.6-4
Equivalent circuit for Figure 3.6-3.

Then, using the current divider principle,

. Glis
1 =
Gy
1 1 2
where Gp=G1+Gp2=§+§=§
Therefore, i = Ei — l ;
2/3° 7 2°

The circuit in Figure 3.6-5a contains an ohmmeter. An ohmmeter is an instrument that measures resistance in ohms.
The ohmmeter will measure the equivalent resistance of the resistor circuit connected to its terminals. Determine the
resistance measured by the ohmmeter in Figure 3.6-5a.

Solution
Working from left to right, the 30-$2 resistor is parallel to the 60-€2 resistor. The equivalent resistance is

60 - 30
60 + 30

=20Q

In Figure 3.6-5b the parallel combination of the 30-Q2 and 60-2 resistors has been replaced with the equivalent 20-$2
resistor. Now the two 20-€2 resistors are in series. The equivalent resistance is

20+20 =40

—® | EXAMPLE 3.6-2 FEquivalent Resistance @?ﬁ INTERACTIVE EXAMPLE

17:8
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200 [TTT] 200 [TTT]

o Ohmmeter @ o Ohmmeter @
60 Q 30 Q 10Q 20Q 10Q
4 — o — o
(a) (b)
o o} © Ohmmeter @ o} © Ohmmeter @
40 Q 10Q 8Q
& o o
(c) (d)

FIGURE 3.6-5

In Figure 3.6-5c¢ the series combination of the two 20-2 resistors has been replaced with the equivalent 40-2 resistor.
Now the 40-€2 resistor is parallel to the 10-£2 resistor. The equivalent resistance is

40-10

40 +10

In Figure 3.6-5d the parallel combination of the 40-2 and 10-€2 resistors has been replaced with the equivalent §-$2
resistor. Thus, the ohmmeter measures a resistance equal to 8 2.

—@ I ExampLE 3.6-3 Circuit Analysis Using Equivalent Resistances I -

Determine the values of i3, vy, is, and vg in circuit shown in Figure 3.6-6.

Solution

The circuit shown in Figure 3.6-7 has been obtained from the circuit shown in Figure 3.6-6 by replacing series and
parallel combinations of resistances by equivalent resistances. We can use this equivalent circuit to solve this problem
in three steps:

1. Determine the values of the resistances R, R, and R3 in Figure 3.6-7 that make the circuit
in Figure 3.6-7 equivalent to the circuit in Figure 3.6-6.

2. Determine the values of vy, v,, and i in Figure 3.6-7.

3. Because the circuits are equivalent, the values of v;, v,, and i in Figure 3.6-6 are equal to
the values of vi, v,, and i in Figure 3.6-7. Use voltage and current division to determine the
values of 73, v4, is5, and vg in Figure 3.6-6.

Step 1:  Figure 3.6-8a shows the three resistors at the top of the circuit in Figure 3.6-6. We see that the 6-2 resistor
is connected in series with the 18-£2 resistor. In Figure 3.6-8b these series resistors have been replaced by the equivalent
24-Q2 resistor. Now the 24-< resistor is connected in parallel with the 12-Q2 resistor. Replacing series resistors by an
equivalent resistance does not change the voltage or current in any other element of the circuit. In particular, vy, the
voltage across the 12-€2 resistor, does not change when the series resistors are replaced by the equivalent resistor. In
contrast, v4 is not an element voltage of the circuit shown in Figure 3.6-85.
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FIGURE 3.6-6 The circuit considered in
Example 3.6-3.

In Figure 3.6-8c, the parallel resistors have been replaced by the

equivalent resistor is equal to the voltage across each of the parallel resistors, v; in this case. In summary, the resistance

R, in Figure 3.6-7 is given by

Ri=12](6+18)=8%Q

+ v - + vy -
NV
12 Q
6Q 180 T
a b ao ob ao—AA\\—ob
- vy o+ 80
(a) (b) (c)
FIGURE 3.6-8
Similarly, the resistances R, and R3 in Figure 3.6-7 are given by
Ry=124+20 5 =16Q

Ry =8 (24+6)=4Q
Step 2:  Apply KVL to the circuit of Figure 3.6-7 to get

18

October 14, 2005
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+ v -
a ANV b
R,
18V
R,
8Q li
- vy +
c AN d
R3

FIGURE 3.6-7 An equivalent circuit
for the circuit in Figure 3.3-6.

equivalent 8-Q2 resistor. The voltage across the

18
0.5A

Rii+ Ry +R3i+8 —18=0 = |

TR+ R+
Next, Ohm’s law gives

v1=R1i=8(0.5)=4V and V) =

Ry +8 8+16+4+8

Ryi =4(0.5) =2V

17:58
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Step 3: The values of v, v, and 7 in Figure 3.6-6 are equal to the values of v|, v,, and i in Figure 3.6-7. Returning
our attention to Figure 3.6-6, and paying attention to reference directions, we can determine the values of i3, vy, i5, and
Ve using voltage division, current division, and Ohm’s law:

8 1

= — = —(05)=025A
8+(2+6) 2

18 3
- = _24)=-3V
=gt T @
= i —(L)0s=—01a
5T 7055 T T \5)V)E

ve = (20 || 5)i = 4(0.5) =2V

In general, we may find the equivalent resistance (or conductance) for a portion of a circuit
consisting only of resistors and then replace that portion of the circuit with the equivalent
resistance. For example, consider the circuit shown in Figure 3.6-9. We use Rqqx—y to denote
the equivalent resistance seen looking into terminals x—y. We note that the equivalent resistance
to the right of terminals c—d is

156 +4) 150
Reqeed = g = — = 6Q2
15+ (6+4) 25

a 4Q c 6Q
’—v% 15Q % 4Q
|_>g | d FIGURE 3.6-9
The equivalent resistance looking into terminals c—d is denoted
Reqab Reqcd as R
eqec—d-

Then the equivalent resistance of the circuit to the right of terminals a—b is

Reqat =4+ Rege a =4+6=109Q

Exercise 3.6-1 Determine the resistance measured by the ohmmeter in Figure E 3.6-1.

(30+30)-30
Answer: ———— +30=50Q
(30+30)+ 30

300 300 LT

—© Ohmmeter ¢

30Q 30Q

* o<l FIGURE E 3.6-1
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3.7 Analyzing Resistive Circuits Using MATLAB

The computer program MATLAB is a tool for making mathematical calculations. In this
section MATLAB is used to solve the equations encountered when analyzing a resistive circuit.
Consider the resistive circuit shown in Figure 3.7-1a. The goal is to determine the value of the
input voltage, Vs, required to cause the current / to be 1 A.

(Subscripts can’t be used in the MATLAB input file. Thus V' and R,, in Figure 3.7-1 become
Vsand Rp inthe MATLAB input file. We have been using lowercase letters to represent element
voltages and currents, but in MATLAB examples we will use capital letters to represent currents
and voltages to improve the readability of the MATLAB input file. For example, the input and
output voltages are denoted as Vs and V, rather than vy and v,.)

Ri=1Q Ry=2Q R3=3Q I Ry
+ +
Vs Ri=6QS Rs=30S Rg=20> V, vs () Vo
(a) (b)

FIGURE 3.7-1 (a) A resistive circuit and (b) an equivalent circuit.

Resistors R, R,, and R3 are connected in series and can be replaced by an equivalent resistor,
R, given by
Ri=Ri+ R+ R3 (3.7-1)

Resistors R4, Rs, and Rg are connected in parallel and can be replaced by an equivalent resistor,
Ry, given by

1
RPZ@ (3.7-2)
Ry ' Rs ' Re

Figure 3.7-1b shows the circuit after Ry, R, and R; are replaced by Ry and R4, Rs, and R¢ are
replaced by Rp. Applying voltage division to the circuit in Figure 3.7-1b gives

RP
Vo= ——V, (3.7-3)
R+ R,
Current in Rg
0.5 ‘ | | | | | | FIGURE 3.7-2
8 9 10 11 12 13 14 15 16 e o o
Vv Plot of 7 versus V for the circuit shown in Figure

s

3.7-1.
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avilvIN avilvIN gvilvVIN aViLVIN aviLVIN aViLVIN aviLvIN aviLvIN aviLvVIN aviLviN aviLvIN aviLvIN avi

/% Analyzing Resistive Circuits Using MATLAB - ch3ex.m \

% Enter Values of the resistances.
Rl = 1; R2 = 2; R3 = 3; % series resistors, ohms
R4 = 6; R5 = 3; R6 = 2; % parallel resistors, ohms
% Find the current, I, corresponding to each value of Vs.
Rs = R1 + R2 + R3; % Equation 3.7-1
Rp = 1/ (L/R4 +1/R5 +1/R6); % Equation 3.7-2
for k = 1:1length (Vs)
Vo(k) = Vs(k) * Rp / (Rp + Rs); % Equation 3.7-3
I(k) = Vo (k) / R6; % Equation 3.7-4
end
% Plot I versus Vs

grid
xlabel ('Vs, V'), ylabel ('I,A’)

Ktitle (" Current in R6) /

FIGURE 3.7-3 MATLAB input file used to obtain the plot of / versus V5 shown in Figure 3.7-2.

where V, is the voltage across R, in Figure 3.7-1b and is also the voltage across the parallel
resistors in Figure 3.7-1a. Ohm’s law indicates that the current in Ry is given by

Vo

I = —
R

(3.7-4)

Figure 3.7-2 shows a plot of the output current / versus the input voltage V. This plot shows
that / will be 1 A when V§ =14 V. Figure 3.7-3 shows the MATLAB input file that was used to
obtain Figure 3.7-2. The MATLAB program first causes V' to vary over a range of voltages.
Next, MATLAB calculates the value of / corresponding to each value of V' using Eqgs. 3.7-1
through 3.7-4. Finally, MATLAB plots the current / versus the voltage V.

3.8 How Can We Check...?

Engineers are frequently called upon to check that a solution to a problem is indeed correct.
For example, proposed solutions to design problems must be checked to confirm that all of
the specifications have been satisfied. In addition, computer output must be reviewed to guard
against data-entry errors, and claims made by vendors must be examined critically.

Engineering students are also asked to check the correctness of their work. For example,
occasionally just a little time remains at the end of an exam. It is useful to be able to quickly
identify those solutions that need more work.

The following example illustrates techniques useful for checking the solutions of the sort
of problem discussed in this chapter.

October 14, 2005
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How Can We Check...? - CELID

—®—| ExampLE 3.8-1  How Can We Check Voltage and Current Values? |

The circuit shown in Figure 3.8-1a was analyzed by writing and solving a set of simultaneous equations:

October 14, 2005

. . V2 . . Vs . .
12 = vy + 4i3, l4=?+l3, vs = 4i5, and ?=l4+514
:: /V2 := 0 i3 := 0 14 := 0 wv5 :=0 \
b Given
20 12=v2 +4-1i3 Apply KVL to loop A.
cQ VVV—H . v2 .
+ vg - i4 2?4- i3 Apply KCL at node b.
i4T QB/ v5=4-13 Apply KVL to loop B.
40 13 v5 ,
b — —2~ ~id4 +5-1i4 Apply KCL at node c.
+ vz —
- —-60
saZe (1 18
+ Find (v2,13,14,v5) = 6
izT
K 72
vy =12V /
(a) (b)

FIGURE 3.8-1 (a) An example circuit and (b) computer analysis using Mathcad.

The computer Mathcad (Mathcad User’s Guide, 1991) was used to solve the equations as shown in Figure 3.8-1b. It
was determined that

vo=-—60V, i3 =18A, iy =6A, and vs =72V
How can we check that these currents and voltages are correct?
Solution
The current i, can be calculated from v,, i3, is, and vs in a couple of different ways. First, Ohm’s law gives
—60
h=2="""__12A
5 5

Next, applying KCL at node b gives
ihb=i3+is=184+6=24A

Clearly, i, cannot be both —12 and 24 A, so the values calculated for v,, i3, i4, and vs cannot be correct. Checking the
equations used to calculate v,, i3, i, and vs, we find a sign error in the KCL equation corresponding to node b. This
equation should be

. vy oo,
lg = ? — 13
After making this correction, v;, i3, is, and vs are calculated to be
vo=75V, i3=1.125A, i4,=0375A, vs=45V
Now izzv_ZZE:l.S
5 5
and ih=1i3+is=1.125+0375=1.5

This checks as we expected.
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As an additional check, consider vs. First, Ohm’s law gives
vy = 4i3 = 4(1.125) = 4.5
Next, applying KVL to the loop consisting of the voltage source and the 4-Q2 and 5-€2 resistors gives
vi=12—v, =12—-75=4.5
Finally, applying KVL to the loop consisting of the 2-€2 and 4-2 resistors gives
vz =vs =4.5
The results of these calculations agree with each other, indicating that

vo=75V, i3=1125A, i4=0375A, vs=45V

are the correct values.

3.9 DESIGN EXAMPLE

/ ADJUSTABLE VOLTAGE SOURCE \

A circuit is required to provide an adjustable voltage. The specifications for this circuit are:

1. It should be possible to adjust the voltage to any value between —5 V and +5 V. It should
not be possible to accidentally obtain a voltage outside this range.

2. The load current will be negligible.
3. The circuit should use as little power as possible.

The available components are:

1. Potentiometers: resistance values of 10k<2, 20 k€2, and 50 k<2 are in stock
2. Alarge assortment of standard 2 percent resistors having values between 10 €2 and 1 M2
(see Appendix E)

3. Two power supplies (voltage sources): one 12-V supply and one —12-V supply, both
rated at 100 mA (maximum)

DESCRIBE THE SITUATION AND THE ASSUMPTIONS

Figure 3.9-1 shows the situation. The voltage v is the adjustable voltage. The circuit that
uses the output of the circuit being designed is frequently called the “load.” In this case, the
load current is negligible, so i =0.

Load current

i=0
P +
C|r(;U|t Load
being v circuit FIGURE 3.9-1
designed - The circuit being designed provides an adjustable voltage, v, to the
load circuit.
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Load
circuit

12V -12v T

(b)
FIGURE 3.9-2 (a) A proposed circuit for producing the variable voltage, v, and (b) the equivalent circuit after
the potentiometer is modeled.

STATE THE GOAL
A circuit providing the adjustable voltage
-5V <v <45V

must be designed using the available components.

GENERATE A PLAN

Make the following observations.

1. The adjustability of a potentiometer can be used to obtain an adjustable voltage v.

2. Both power supplies must be used so that the adjustable voltage can have both positive
and negative values.

3. The terminals of the potentiometer cannot be connected directly to the power supplies
because the voltage v is not allowed to be as large as 12V or —12 V.

These observations suggest the circuit shown in Figure 3.9-2a. The circuit in Figure 3.9-2b
is obtained by using the simplest model for each component in Figure 3.9-2a.

To complete the design, values need to be specified for Ry, R,, and R,. Then several
results need to be checked and adjustments made, if necessary.

1. Can the voltage v be adjusted to any value in the range —5V to +5V?

2. Are the voltage source currents less than 100 mA? This condition must be satisfied if
the power supplies are to be modeled as ideal voltage sources.

3. Is it possible to reduce the power absorbed by R;, R, and R,?

ACT ON THE PLAN
It seems likely that R; and R, will have the same value, so let Ry =R, =R. Then it is
convenient to redraw Figure 3.9-2b as shown in Figure 3.9-3.

Applying KVL to the outside loop yields

—12+ Rig + aRpiy + (1 —a)Ryiy + Riy — 12=0
24

SO -
2R+ R,

Iy

FIGURE 3.9-3
The circuit after setting Rj =Ry =R.

October 14, 2005
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Next, applying KVL to the left loop gives
v=12— (R +aRy)i,

Substituting for i, gives

24(R R
v=12— M

2R+ R,
When a =0, v must be 5V, so

24R
5=12— ——

2R+ R,

Solving for R gives
R =0.7R,

Suppose the potentiometer resistance is selected to be R, =20k<2, the middle of the three
available values. Then

R =14k

VERIFY THE PROPOSED SOLUTION
As a check, notice that when a =1

14k + 20k
v=12————1)24=-5
28k +20k

as required. The specification that
—5V<v<5V
has been satisfied. The power absorbed by the three resistances is
242

2R+ R,
SO p = 12mW

p=i;QR+Ry) =

Notice that this power can be reduced by choosing Ry, to be as large as possible, 50k €2 in
this case. Changing R, to 50kS2 requires a new value of R:

R=0.7x R, =35k

Since

35k + 50k 35k
sv=12— (25T v <2 (28 Joa=svV
(70k+50k> =v= (70k+50k>

the specification that

—5V<v<5V
has been satisfied. The power absorbed by the three resistances is now
247
p= S0KF 70k =5mW
Finally, the power supply current is
24
ip = m =0.2mA

which is well below the 100 mA that the voltage sources are able to supply. The design is

Qmplete. /
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3.10 SUMMARY
4 Kirchhoff’s current law (KCL) states that the algebraic sum of

the currents entering a node is zero. Kirchhoft’s voltage law
(KVL) states that the algebraic sum of the voltages around a
closed path (loop) is zero.

4 Simple electric circuits can be analyzed using only Kirch-

hoff’s laws and the constitutive equations of the circuit ele-
ments.

4 Series resistors act like a “voltage divider,” and parallel re-

sistors act like a “current divider.” The first two rows of Table
3.10-1 summarize the relevant equations.

4 Series resistors are equivalent to a single “equivalent

October 26, 2005

Summary - a

resistor.” Similarly, parallel resistors are equivalent to a sin-
gle “equivalent resistor.” The first two rows of Table 3.10-1
summarize the relevant equations.

Series voltage sources are equivalent to a single “equivalent
voltage source.” Similarly, parallel current sources are equiv-
alent to a single “equivalent current.” The last two rows of
Table 3.10-1 summarize the relevant equations.

Often circuits consisting entirely of resistors can be re-
duced to a single equivalent resistor by repeatedly re-
placing series and/or parallel resistors by equivalent
resistors.

Table 3.10-1 Equivalent Circuits for Series and Parallel Elements

Series resistors Circuit

i=i1=i2,vl=

Parallel resistors Circuit

U=U1=U2,i1=

Series voltage Circuit

sources

Parallel current Circuit

sources

v=v;=v, and

i=i1+i2

Circuit v Ry

i
T
Circuit v Ry

R1R;
p= and v= Rpi
Rl + R2
i
—_—
T
Circuit v vg
Vg =01 +VUp
i
—_—
+
Circuit v i

ip=i1+i2

18:58
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—o—| PROBLEMS | -
Section 3.2 Kirchhoff'sLaws 3A
P3.2-1  Consider the circuit shown in Figure P 3.2-1. Deter- * @ *
mine the values of the power supplied by branch B and the power
supplied by branch F. 12V 6Q 4Q 20V
D
L— 1 FIGURE P 3.2-4
1A
- * * * P3.2-5 Determine the power absorbed by each of the resistors
12v]affza 12y li 12v)c 14/'\ o[ F|T1a in the circuit shown in Figure P 3.2-5.
+ - - _ 5V, - Answer: The 4-Q resistor absorbs 16 W, the 6-2 resistor ab-
] sorbs 24 W, and the 8-2 resistor absorbs 8 W.
-— 40 8V

-1A e
sv(®) 60 se  (Dsv

FIGURE P 3.2-1

P3.2-2  Determine the values of iy, iy, v2, v3, and v in Figure () D)
P3.2-2. N~ 7
2A 12v
FIGURE P 3.2-5
- vz + +4V-
1 € ! L E 7 P3.2-6  Determine the power supplied by each current source
A 3A in the circuit of Figure P 3.2-6.
* N N - Answer: The 2-mA current source supplies 6 mW and the 1-mA
6V |Al]2A vz|B iz -2V bia v | F|1-3A  current source supplies —7 mW.
- + + +
5V 2 mA
FIGURE P 3.2-2
15V 1 mA
OO
P3.2-3  Consider the circuit shown in Figure P 3.2-3.
(a) Suppose that Ry =6 Q2 and R, =3 Q. Find the current i and 8V
the volt : (D)
eve agé v ) FIGURE P 3.2-6 N\
(b) Suppose, instead, that i=1.5 A and v=2V. Determine the
resistances R, and R;. P3.2-7 Determine the power supplied by each voltage source

(c) Suppose, instead, that the voltage source supplies 24 W of
power and that the current source supplies 9 W of power.
Determine the current i, the voltage v, and the resistances R,
and R,.

Ry

12V |

FIGURE P 3.2-3

P3.2-4  Determine the power absorbed by each of the resistors
in the circuit shown in Figure P 3.2-4.

Answer: The 4-Q resistor absorbs 100 W, the 6-$2 resistor ab-
sorbs 24 W, and the 8-L2 resistor absorbs 72 W.

in the circuit of Figure P 3.2-7.
Answer: The 2-V voltage source supplies 2mW and the 3-V
voltage source supplies —6 mW.

3V 2V
5mA 2 mA
3 mA
()
FIGURE P 3.2-7 —/

P3.2-8  Whatis the value of the resistance R in Figure P 3.2-8.?
Hint: Assume an ideal ammeter. An ideal ammeter is equivalent
to a short circuit.

Answer: R=4Q
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@ Ammeter @

12v 2A

FIGURE P 3.2-8

P 3.2-9  The voltmeter in Figure P 3.2-9 measures the value
of the voltage across the current source to be 56 V. What is the
value of the resistance R?

Hint: Assume an ideal voltmeter. An ideal voltmeter is equiva-
lent to an open circuit.

Answer: R=10Q

R

Q@ Voltmeter @

24V 8A

FIGURE P 3.2-9

P3.2-10  Determine the values of the resistances R; and R, in
Figure P 3.2-10.

@ Voltmeter @

) Voltmeter @

FIGURE P 3.2-10

P3.2-11  The circuit shown in Figure P 3.2-11 consists of five
voltage sources and four current sources. Express the power sup-
plied by each source in terms of the voltage source voltages and
the current source currents.

i

()
/
+ U1 —
U2 i2 3
HO——0
+ - U3 + —
iq () vy vs Vg iz (D vy
- vg . Ug +
@ lls @ 'lle
ig ig

FIGURE P 3.2-11

October 21, 2005
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P3.2-12  Determine the power received by each of the resistors
in the circuit shown in Figure P 3.2-12.

+ U1 —
)
_/
0.2A
60 iz 0.5A
+—VW ©
- U2 * - v3 + l7l
+ + +
U4<>O.3A vs >80 15V (7 209§v7
_ 11 | o _
10V l5 5Q lg
O
ig * Ve -

FIGURE P 3.2-12

P 3.2-13  Determine the voltage and current of each of the
circuit elements in the circuit shown in Figure P 3.2-13.

Hint: You’ll need to specify reference directions for the ele-
ment voltages and currents. There is more than one way to do
that, and your answers will depend on the reference directions
that you choose.

)
N
0.75 A

15v<ﬁ> 60 Q 200 () 0.25 A

10 Q
FIGURE P 3.2-13

P 3.2-14  Determine the voltage and current of each of the
circuit elements in the circuit shown in Figure P 3.2-14.

Hint: You’ll need to specify reference directions for the ele-
ment voltages and currents. There is more than one way to do
that, and your answers will depend on the reference directions
that you choose.

sv. 150

§259

FIGURE P 3.2-14 ©
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P3.2-15  Determine the value of the current that is measured P 3.2-20  Determine the current 7 in Figure P 3.2-20.
by the meter in Figure P 3.2-15. Answer: i=4A

4Q

ip 15Q 50 Q

&k—1+o Ammeter g 24V 2n iS40
C 20V 254, FIGURE P 3.2-20 d
i P 3.2-21  Determine the value of the current i,, in Figure
P3.2-21a.

FIGURE P 3.2-15 3 . .
Hint: Apply KVL to the closed path a-b-d-c-a in Figure

P 3.2-21bto determine v,. Then apply KCL atnode b to find 7.

P3.2-16  Determine the value of the current that is measured Answer: i, =9 A.

by the meter in Figure P 3.2-16.

6 Q
8Q 120 T
¥
A AN [ITTT] : 2 1.
+ v - &G——e Ammeter @ a 0 /50, 1 m
C 20V 0.25v; i
4Q
j (a)
FIGURE P 3.2-16 3A 60 )
a N
P3.2-17  Determine the value of the voltage that is measured + - 18V + _
by the meter in Figure P 3.2-17. Va 3A /50, 11m
. - + 12V -
R cO—" W\,

VWV—rt [TIT] 3A 40 ¢
@ Voltmeter @ (b)
(i) 24V 5iy 4Q FIGURE P 3.2-21 (a) A circuit containing a VCCS. (b) The circuit
after labeling the nodes and some element currents and voltages.

P 3.2-22  Determine the value of the voltage v, in Figure
FIGURE P 3.2-17 P3.2-22a.

. . Hint: Apply KVL to the closed path a-b-d-c-a in Figure
P3.2-18  Determine the value of the voltage that is measured  p 3 5 55 10 determine v
. a

by the meter in Figure P 3.2-18.

Answer: v, =24V

i1 60 Q
VW (IT1T]
® Voltmeter @
200 025A  80i,
FIGURE P 3.2-18
2A 5Q b
P 3.2-19 The voltage source in Figure P 3.2-19 supplies a AAAY 0
4.8 W of power. The current source supplies 3.6 W. Determine * - 10V + N
the values of the resistances, R, and R;. Va 2A 4v, Um
- + 8V - B
R cb—AW o
2A 4Q d
12v 05A R, (b)

FIGURE P 3.2-22 (a) A circuit containing a VCVS. (b) The circuit
FIGURE P 3.2-19 after labeling the nodes and some element currents and voltages.
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Section 3.3  Series Resistors and Voltage Division

P3.3-1  Use voltage division to determine the voltages vy, v,,
v3, and vy in the circuit shown in Figure P 3.3-1.

+ V1 - 4+ U2 - + U3 -

AVAA e VAVA e d VAVAY,

6Q 30 50 +
12V 4Q2>0s

FIGURE P 3.3-1

P3.3-2  Consider the circuits shown in Figure P 3.3-2.

(a) Determine the value of the resistance R in Figure P 3.3-2b
that makes the circuit in Figure P 3.3-2b equivalent to the
circuit in Figure P 3.3-2a.

(b) Determine the current i in Figure P 3.3-2b. Because the cir-
cuits are equivalent, the current 7 in Figure P 3.3-2a is equal
to the current 7 in Figure P 3.3-25.

(c) Determine the power supplied by the voltage source.

6 Q 3Q 2Q
MA—VW—AWY

28V ! 40

(a)

28v (%) R

(b)

FIGURE P 3.3-2

P 3.3-3  The ideal voltmeter in the circuit shown in Figure
P 3.3-3 measures the voltage v.

(a) Suppose R, =100 Q. Determine the value of R;.

(b) Suppose, instead, R; = 100 2. Determine the value of R,.

(c) Suppose, instead, that the voltage source supplies 1.2 W of
power. Determine the values of both R, and R;.

&, 5[ [o]o]

—o Voltmeter @

12v Ry KV

FIGURE P 3.3-3

P3.3-4
P3.3-4.

Determine the voltage v in the circuit shown in Figure

16 Q 4Q

Clzv + v -

8Q 8Q

FIGURE P 3.3-4 .

P3.3-5 The model of a cable and load resistor connected to a
source is shown in Figure P 3.3-5. Determine the appropriate ca-
ble resistance, R, so that the output voltage, v,, remains between
9V and 13 V when the source voltage, v, varies between 20 V
and 28 V. The cable resistance can only assume integer values in
the range 20 < R < 100 2.

FIGURE P 3.3-5
Circuit with a cable.

P3.3-6  The input to the circuit shown in Figure P 3.3-6 is the
voltage of the voltage source, v,. The output of this circuit is the
voltage measured by the voltmeter, vy,. This circuit produces an
output that is proportional to the input, that is

vy = kv,

where £ is the constant of proportionality.

(a) Determine the value of the output, v,, when R =240 2 and
v, =18 V.

(b) Determine the value of the power supplied by the voltage
source when R=240Q and v, =18 V.

(c) Determine the value of the resistance, R, required to cause
the output to be v, =2 V when the input is v, = 18 V.

(d) Determine the value of the resistance, R, required to cause
v, = 0.2v, (that s, the value of the constant of proportionality
isk = %).

120 Q

1

@ Voltmeter @

FIGURE P 3.3-6

P3.3-7  Determine the value of voltage v in the circuit shown
in Figure P 3.3-7.

15Q 18V

FIGURE P 3.3-7
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P3.3-8  Determine the power supplied by the dependent source
in the circuit shown in Figure P 3.3-8.

ip=0.2v,

FIGURE P 3.3-8 120V

P3.3-9 A potentiometer can be used as a transducer to convert
the rotational position of a dial to an electrical quantity. Figure
P 3.3-9 illustrates this situation. Figure P 3.3-9a shows a poten-
tiometer having resistance R, connected to a voltage source. The
potentiometer has three terminals, one at each end and one con-
nected to a sliding contact called a wiper. A voltmeter measures
the voltage between the wiper and one end of the potentiometer.

Figure P 3.3-9b shows the circuit after the potentiometer is
replaced by a model of the potentiometer that consists of two
resistors. The parameter a depends on the angle, 6, of the dial.
Here a = 3(%, and 6 is given in degrees. Also, in Figure P 3.3-
9b, the voltmeter has been replaced by an open circuit and the
voltage measured by the voltmeter, v,,, has been labeled. The
input to the circuit is the angle 6, and the output is the voltage
measured by the meter, v,,.

(a) Show that the output is proportional to the input.

(b) LetR, =1k and v; =24 V. Express the output as a function
of the input. What is the value of the output when 6 = 45°?
What is the angle when v,;, = 10 V?

[TTT]

Q Voltmeter @

(b)

FIGURE P 3.3-9

P3.3-10  Determine the value of the voltage measured by the
meter in Figure P 3.3-10.

8o 10 (TTT]
AVAVAY, ’ —o Voltmeter @
(ﬁ) 24V 4i, 50
ia

FIGURE P 3.3-10

P3.3-11  For the circuit of Figure P 3.3-11, find the voltage v;
and the current i and show that the power delivered to the three
resistors is equal to that supplied by the source.

Answer: vi=3V,i=1A

+ vy -

12V 1, L 3Q
3Q

FIGURE P 3.3-11 -3+

P 3.3-12  Consider the voltage divider shown in Figure P
3.3-12 when R; =6 . It is desired that the output power ab-
sorbed by R; =6 Q2 be 6 W. Find the voltage v, and the required
source vs.

Answer: vi=14V,v, =6V

FIGURE P 3.3-12 AN

Section 3.4 Parallel Resistors and Current Division

P 3.4-1  Use current division to determine the currents i, i,
i3, and iy in the circuit shown in Figure P 3.4-1.

(I (R (R

4 A 6Q 3Q 2Q 1Q

FIGURE P 3.4-1

P3.4-2  Consider the circuits shown in Figure P 3.4-2.

(a) Determine the value of the resistance R in Figure P 3.4-2b
that makes the circuit in Figure P 3.4-2b equivalent to the
circuit in Figure P 3.4-2a.
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(b) Determine the voltage v in Figure P 3.4-2b. Because the cir-
cuits are equivalent, the voltage v in Figure P 3.4-24 is equal
to the voltage v in Figure P 3.4-2b.

(c) Determine the power supplied by the current source.

+

.
6A v Sea 120 Sa0 6A‘, v R

(a) (b)

FIGURE P 3.4-2

P 3.4-3  The ideal voltmeter in the circuit shown in Figure
P 3.4-3 measures the voltage v.

(a) Suppose R, =12 Q. Determine the value of R; and of the
current 1.

(b) Suppose, instead, R; = 12 Q2. Determine the value of R, and
of the current 7.

(c) Instead, choose R, and R, to minimize the power absorbed
by any one resistor.

© Voltmeter @

FIGURE P 3.4-3

P3.4-4  Determine the current i in the circuit shown in Figure
P 3.4-4.

16 Q 8Q

i
O —
8Q 8Q

FIGURE P 3.4-4 &
P 3.4-5 Consider the circuit shown in Figure P 3.4-5 when

4Q<R; <6 and R, =10 . Select the source is so that v,
remains between 9V and 13 V.

FIGURE P 3.4-5

P3.4-6  The input to the circuit shown in Figure P 3.4-6 is the
current of the current source, i,. The output of this circuit is the
current measured by the ammeter, #,. This circuit produces an
output that is proportional to the input, that is

iy =ki,

where £ is the constant of proportionality.

(a) Determine the value of the output, i,, when R =24 Q and
ih=18A.

(b) Determine the value of the resistance, R, required to cause
the output to be i, = 1.6 A when the inputis i, =2 A.

(c) Determine the value of the resistance, R, required to cause
i, = 0.4 7, (that is, the value of the constant of proportionality
isk= %)'

120 b

1

Q Ammeter @

FIGURE P 3.4-6

*P3.4-7  Figure P 3.4-7 shows a transistor amplifier. The val-

ues of R, and R, are to be selected. Resistances R; and R, are

used to bias the transistor, that is, to create useful operating con-

ditions. In this problem, we want to select R, and R, so that v, =

5 V. We expect the value of i, to be approximately 10 ©A. When

i1 < 104, itis customary to treat iy, as negligible, that is, to assume

iy = 0. In that case R, and R, comprise a voltage divider.

(a) Select values for R, and R, so that v, = 5 V and the total
power absorbed by R; and R, is no more than 5 mW.

(b) An inferior transistor could cause i, to be larger than ex-
pected. Using the values of R; and R, from part (a), deter-
mine the value of vy, that would result from i, = 15 nA.

FIGURE P 3.4-7 =

P 3.4-8 Determine the value of the current i in the circuit
shown in Figure P 3.4-8.

N
>

®

H
N
el

g

OF

w
)

g

o
)

g

—
[&)]
>

®:

FIGURE P 3.4-8
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P3.4-9  Determine the value of the voltage v in Figure P 3.4-9.

a 40 Q 20Q b
AN AN AN
40 Q
+ v -
o\
_/
3 mA

FIGURE P 3.4-9

P 3.4-10 A solar photovoltaic panel may be represented by
the circuit model shown in Figure P 3.4-10, where R; is the load
resistor. Determine the values of the resistances R; and Ry .

120 ,

30mA Ry $5mA

FIGURE P 3.4-10

P 3.4-11  Determine the power supplied by the dependent
source in Figure P 3.4-11.

.|

25Q 75 Q
Uy = 50 ia

30 mA

FIGURE P 3.4-11

P3.4-12  The voltmeter in Figure P 3.4-12 measures the value
of the voltage vy,.

(a) Determine the value of the resistance R.
(b) Determine the value of the power supplied by the current

source.
10Q Voltmeter
® ®
M1a !
A
30Q R Um

FIGURE P 3.4-12

*P 3.4-13  Determine the values of the resistances R; and R,
for the circuit shown in Figure P 3.4-13.

24v<t) 409§ R, llf’A

FIGURE P 3.4-13

*P 3.4-14  Determine the values of the resistances R; and R,
for the circuit shown in Figure P 3.4-14.

+ 0384V -

NN
R;

(1 24mA Ry § llg_z mA 80 Q

FIGURE P 3.4-14

P3.4-15  Determine the value of the current measured by the
meter in Figure P 3.4-15.

[LTT]

o Ammeter {
0.2v, @
+

(D124 va§109 §3og 10Q

FIGURE P 3.4-15

Section 3.5 Series Voltage Sources and Parallel
Current Sources

P 3.5-1  Determine the power supplied by each source in the
circuit shown in Figure P 3.5-1.

(0]
<

®©

§29 3a(d) 29§ (D125A

20©

FIGURE P 3.5-1

P 3.5-2  Determine the power supplied by each source in the
circuit shown in Figure P 3.5-2.
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2V 0.5A
A oa\
% N

§209 §59 3a(d)

§7Q

@)

w
<

FIGURE P 3.5-2

P3.5-3  Determine the power received by each resistor in the
circuit shown in Figure P 3.5-3.

3V

D

N

0.25A(}) 59§ 2a(} 7Q§ (D12s5a

20

FIGURE P 3.5-3
Section 3.6 Circuit Analysis

P3.6-1  The circuit shown in Figure P 3.6-1a has been divided
into two parts. In Figure P 3.6-15, the right-hand part has been
replaced with an equivalent circuit. The left-hand part of the
circuit has not been changed.

(a) Determine the value of the resistance R in Figure P 3.6-1b
that makes the circuit in Figure P 3.6-1b equivalent to the
circuit in Figure P 3.6-1a.

(b) Find the current i and the voltage v shown in Figure P 3.6-1b.
Because of the equivalence, the current 7 and the voltage v
shown in Figure P 3.6-1a are equal to the current i and the
voltage v shown in Figure P 3.6-15.

(c) Find the current i, shown in Figure P 3.6-1a using current
division.

16Q ip

8Q A

24V

8Q A

24V 32Q v R

(b)

FIGURE P 3.6-1

P3.6-2  The circuit shown in Figure P 3.6-2a has been divided
into three parts. In Figure P 3.6-25, the rightmost part has been
replaced with an equivalent circuit. The rest of the circuit has not
been changed. The circuit is simplified further in Figure 3.6-2c.

October 17, 2005
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Now the middle and rightmost parts have been replaced by a
single equivalent resistance. The leftmost part of the circuit is
still unchanged.

(a) Determine the value of the resistance R, in Figure P 3.6-2b
that makes the circuit in Figure P 3.6-2b equivalent to the
circuit in Figure P 3.6-2a.

(b) Determine the value of the resistance R, in Figure P 3.6-2¢

that makes the circuit in Figure P 3.6-2¢ equivalent to the

circuit in Figure P 3.6-2b.

Find the current i; and the voltage v; shown in Figure

P 3.6-2¢. Because of the equivalence, the current i; and the

voltage v; shown in Figure P 3.6-2b are equal to the current

i1 and the voltage v; shown in Figure P 3.6-2c.

Hint: 24 = 6(11—2) +i R

Find the current i, and the voltage v, shown in Figure

P 3.6-2b. Because of the equivalence, the current i, and the

voltage v, shown in Figure P 3.6-2a are equal to the current

i and the voltage v, shown in Figure P 3.6-2b.

Hint: Use current division to calculate i, from ;.

Determine the power absorbed by the 3-2 resistance shown

at the right of Figure P 3.6-2a.

24V

24V

(c)

FIGURE P 3.6-2

P 3.6-3  Find 7 using appropriate circuit reductions and the
current divider principle for the circuit of Figure P 3.6-3.

1Q 1Q 1Q 1Q

12V 2Q 2Q

FIGURE P 3.6-3

20:44
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P3.6-4

(a) Determine values of Ry and R, in Figure P 3.6-4b that make
the circuit in Figure P 3.6-4b equivalent to the circuit in
Figure P 3.6-4a.

(b) Analyze the circuit in Figure P 3.6-4b to determine the values
of the currents i, and i,

(c) Because the circuits are equivalent, the currents i, and i,
shown in Figure P 3.6-4b are equal to the currents i, and i
shown in Figure P 3.6-4a. Use this fact to determine values
of the voltage v, and current i, shown in Figure P 3.6-4a.

- v +

2 i
e 8o |- >,
I
27V 90 3i, 240 >80 120
(a)
Ry s

o
() arv 0 3i, R,

(b)

FIGURE P 3.6-4

P 3.6-5 The voltmeter in the circuit shown in Figure P 3.6-5
shows that the voltage across the 30-2 resistor is 6 volts. Deter-
mine the value of the resistance R;.

Hint: Use the voltage division twice.

Answer: R, =40 Q

0o 100 61.[o[o]

—o Voltmeter @

12v Ry 30Q

FIGURE P 3.6-5

P 3.6-6  Determine the voltages v, and v, and the currents i,
and i, for the circuit shown in Figure P 3.6-6.
Answer: v,=-2V,v. =6V, i, =—16mA, and iy =2 mA

idl -1%

10 kQ 2500 Q 2 kQ
18V,

* ve S1kQ

Va 10 mA

FIGURE P 3.6-6

P 3.6-7 Determine the value of the resistance R in Figure
P 3.6-7.

Answer: R =28k

12 kQ

24V 21 kQ R
1 mA
FIGURE P 3.6-7 Y

P 3.6-8 Most of us are familiar with the effects of a mild
electric shock. The effects of a severe shock can be devastating
and often fatal. Shock results when current is passed through
the body. A person can be modeled as a network of resistances.
Consider the model circuit shown in Figure P 3.6-8. Determine
the voltage developed across the heart and the current flowing
through the heart of the person when he or she firmly grasps
one end of a voltage source whose other end is connected to the
floor. The heart is represented by Ry,. The floor has resistance
to current flow equal to Ry, and the person is standing barefoot
on the floor. This type of accident might occur at a swimming
pool or boat dock. The upper-body resistance R, and lower-body
resistance Ry, vary from person to person.

R,=20Q
N
50 V 500 Q R, =100 Q
Ri=200Q R =30Q

FIGURE P 3.6-8

P3.6-9 Determine the value of the current / in Figure 3.6-9.
Answer: i=0.5mA

3 kQ 3 kQ

12v 6 kQ 6 kQ 6 kQ

FIGURE P 3.6-9

P 3.6-10  Determine the values of i,, #,, and v, in Figure

P 3.6-10.

o 200

10Q

FIGURE P 3.6-10
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P 3.6-11  Find i and Reqa—p if vsp =40V in the circuit of
Figure P 3.6-11.
Answer: Req.y =8K,i=5/6 A

b 6Q
o NV
3Q

Zi20 220

5Q
AN
o AN
a 20Q
. Req a |
FIGURE P 3.6-11 eqa-b

P 3.6-12 The ohmmeter in Figure P 3.6-12 measures the
equivalent resistance, R.q, of the resistor circuit. The value
of the equivalent resistance, R.q, depends on the value of the
resistance R.

(a) Determine the value of the equivalent resistance, R.q, when
R=18Q.

(b) Determine the value of the resistance R required to cause the
equivalent resistance to be Rq = 18 Q.

10Q 17 Q
Ohmmeter @
9Q R )

FIGURE P 3.6-12

P3.6-13  The source v, = 240 volts is connected to three equal
resistors as shown in Figure P 3.6-13. Determine R when the
voltage source delivers 1920 W to the resistors.

Answer: R=45Q

O

FIGURE P 3.6-13

P3.6-14  Find the R, at terminals a—b in Figure P 3.6-14. Also
determine i, iy, and i,.
Answer: Rq=8Q,i=5A,i1=5/3A,i,=52A

’_1>12£2
NV
i_a 20 10
» +—AM—
6Q
NV
40V 2Q
NV
1
b 20
NWN—
Req i2

FIGURE P 3.6-14

P3.6-15  All of the resistances in the circuit shown in Figure
P 3.6-15 are multiples of R. Determine the value of R.

——A\W AN
R é R
R R
to1a 4R§ 2R§
(1) 12V §2R 2R
3R% 2R

FIGURE P 3.6-15

*P3.6-16  The circuit shown in Figure P 3.6-16 contains seven
resistors, each having resistance R. The input to this circuit is the
voltage source voltage, vs. The circuit has two outputs, v, and vy,.
Express each output as a function of the input.

FIGURE P 3.6-16

P3.6-17  The circuit shown in Figure P 3.6-17 contains three
10-€2, 1/4-W resistors. (Quarter-watt resistors can dissipate 1/4
W safely.) Determine the range of voltage source voltages, vs,
such that none of the resistors absorbs more than 1/4 W of power.

100
MV
+
vs 100 100 2 v,

FIGURE P 3.6-17

P 3.6-18  The four resistors shown in Figure P 3.6-18 repre-
sent strain gauges. Strain gauges are transducers that measure
the strain that results when a resistor is stretched or compressed.
Strain gauges are used to measure force, displacement, or pres-
sure. The four strain gauges in Figure P 3.6-18 each have a nom-
inal (unstrained) resistance of 120 € and can each absorb 0.2
mW safely. Determine the range of voltage source voltages, vs,
such that no strain gauge absorbs more than 0.2 mW of power.
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120 Q 120 Q
+
Vo
Ug —
120 Q 120 Q
FIGURE P 3.6-18 O

P3.6-19  The circuit shown in Figure P 3.6-195 has been ob-
tained from the circuit shown in Figure P 3.6-194 by replacing
series and parallel combinations of resistances by equivalent re-
sistances.

(a) Determine the values of'the resistances R}, R,, and R in Fig-
ure P 3.6-19b so that the circuit shown in Figure P 3.6-19h
is equivalent to the circuit shown in Figure P 3.6-19a.

(b) Determine the values of vy, v,, and 7 in Figure P 3.6-195.

(c) Because the circuits are equivalent, the values of vy, v,, and
i in Figure P 3.6-19a are equal to the values of vy, v,, and i
in Figure P 3.6-195. Determine the values of v, is, i, and
vy in Figure P 3.6-19a.

FIGURE P 3.6-19 (b)

October 14, 2005

P 3.6-20  Determine the values of v;, v,, i3, v4, vs, and ig in
Figure P 3.6-20.

FIGURE P 3.6-20

P 3.6-21  Determine the values of i, v, and R.q by the circuit
model shown in Figure P 3.6-21, given that v,, = 18 V.

o
o)

2

gw
o
)

+

%369 729%1}

%99

o0
52
)

Req

FIGURE P 3.6-21

P3.6-22  Determine the value of the resistance R in the circuit
shown in Figure P 3.6-22, given that R.q = 9 Q.
Answer: R=15Q

4Q

Ao A

R

12Q §24Q
Zs0

5Q 30Q

Bo—AW\ wy
R

eq
FIGURE P 3.6-22
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P3.6-23  Determine the value of the resistance R in the circuit
shown in Figure P 3.6-23, given that R.q = 50 Q.

R

&= i

R R

o F’: S

FIGURE P 3.6-23

P 3.6-24  Determine the values of r, the gain of the CCVS,
and g, the gain of the VCCS, for the circuit shown in
Figure P 3.6-24.
P3.6-27
N vy ~ Tig
A

8Q + +
6.09V

12v 80< 974V 8Q 8Up

y

FIGURE P 3.6-24

P 3.6-25 The input to the circuit in Figure P 3.6-25 is the
voltage of the voltage source, vs. The output is the voltage mea-
sured by the meter, v,. Show that the output of this circuit is
proportional to the input. Determine the value of the constant of
proportionality.

[TTT]

) Voltmeter )

Us

—( )
§20§2

20 Q
—AAM—
+ U -

A
20Q

FIGURE P 3.6-25

P 3.6-28

P 3.6-26  The input to the circuit in Figure P 3.6-26 is the
voltage of the voltage source, vs. The output is the current mea-
sured by the meter, i,. Show that the output of this circuit is
proportional to the input. Determine the value of the constant of
proportionality.

FIGURE P 3.6-26

the circuit shown in Figure P 3.6-27.

FIGURE P 3.6-27

the circuit shown in Figure P 3.6-28.

FIGURE P 3.6-28
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Q Ammeter Q@

20 Q@
40 Q 40Q
—VW\—
100
—NVW—
o 50 i,

Determine the voltage measured by the voltmeter in

@ Voltmeter @

Determine the current measured by the ammeter in

@ Ammeter @

T 8v, 10Q

21:2
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P 3.6-29  Determine the value of the resistance R that causes
the voltage measured by the voltmeter in the circuit shown in
Figure P 3.6-29 to be 4 V.

3A

40 Q

[TTT]

) Voltmeter @

5i, R

FIGURE P 3.6-29

P3.6-30  The input to the circuit shown in Figure P 3.6-30 is
the voltage of the voltage source, vs. The output is the current
measured by the meter, ip,.

(a) Suppose v¢ = 15 V. Determine the value of the resistance R
that causes the value of the current measured by the meter
to be i, =5 A.

(b) Suppose vy = 15 V and R = 24 Q. Determine the current
measured by the ammeter.

(c) Suppose R =24 Q. Determine the value of the input voltage,
vs, that causes the value of the current measured by the meter
to be iy, =3 A.

18Q +
vs(_-) 12030,
5v,
q
16 O @ Ammeter @
R
—NW—o———————

FIGURE P 3.6-30

P3.6-31  Theohmmeterin Figure P 3.6-31 measures the equiv-
alent resistance of the resistor circuit connected to the meter
probes.

(a) Determine the value of the resistance R required to cause the
equivalent resistance to be Req = 12 Q.

(b) Determine the value of the equivalent resistance when R =
14 Q.

October 14, 2005

4Q 2Q
O Ohmmeter @
R 20 Q
-l

FIGURE P 3.6-31

P3.6-32  The voltmeter in Figure P 3.6-32 measures the volt-
age across the current source.

(a) Determine the value of the voltage measured by the meter.
(b) Determine the power supplied by each circuit element.

25 kQ [TTT]

—© Voltmeter ©
12V 2 mA

FIGURE P 3.6-32

P3.6-33  Determine the resistance measured by the ohmmeter
in Figure P 3.6-33.

[TIT]

12Q
o] —© Ohmmeter @
40 Q 10Q
4Q
O

FIGURE P 3.6-33

P3.6-34  Determine the resistance measured by the ohmmeter
in Figure P 3.6-34.

[TTT]

60 Q 60 Q
—© Ohmmeter @
60 Q 60 Q
o ol

FIGURE P 3.6-34

21:2
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Section 3.8 How Can We Check...?

P 3.8-1 A computer analysis program, used for the cir-
cuit of Figure P 3.8-1, provides the following branch currents
and voltages: iy A= —0.833,i, A=—0.333,i3 A=—1.167,and
v=—2.0V. Are these answers correct?

Hint: Verify that KCL is satisfied at the center node and that
KVL is satisfied around the outside loop consisting of the two
6-<2 resistors and the voltage source.

FIGURE P 3.8-1

P3.8-2  The circuit of Figure P 3.8-2 was assigned as a home-
work problem. The answer in the back of the textbook says the
current, 7, is 1.25 A. Verify this answer using current division.

5Q

5A 20 Q 20Q 5Q

FIGURE P 3.8-2

P3.8-3  The circuit of Figure P 3.8-3 was built in the lab and
v, was measured to be 6.25 V. Verify this measurement using the
voltage divider principle.

650 Q

FIGURE P 3.8-3 230 Q

P 3.8-4  The circuit of Figure P 3.8-4 represents an auto’s
electrical system. A report states that iy =9 A, i =—9 A, and
in = 19.1 A. Verify that this result is correct.

Hint: Verify that KCL is satisfied at each node and that KVL is
satisfied around each loop.

i Headlights

1.2Q

0.05 Q 12v

Battery 4,';

FIGURE P 3.8-4 0.1Q ji 14v

Electric circuit model of an

automobile’s electrical system. Alternator

P 3.8-5 Computer analysis of the circuit in Figure P 3.8-5
shows that i, = —0.5mA and i, = —2mA. Was the computer
analysis done correctly?

Hint: Verify that the KVL equations for all three meshes are
satisfied when i, = —0.5 mA and i, = —2 mA.

40 L
NN\
4i,

2Q

(?mv

FIGURE P 3.8-5

/2 A i2v
Jio

P 3.8-6  Computer analysis of the circuit in Figure P 3.8-6
shows that i, = 0.5 mA and i, =4.5 mA. Was the computer anal-
ysis done correctly?

Hint: First, verify that the KCL equations for all five nodes are
satisfied when i, = 0.5 mA and i, = 4.5 mA. Next, verify that the
KVL equation for the lower left mesh (a-e-d-a) is satisfied. (The
KVL equations for the other meshes aren’t useful because each
involves an unknown voltage.)

OD—3 N
/ /
3Q
2 30 4Q
2 0—ANA—O—ANA—0¢
2Q
iy 4 mA
5Q
FIGURE P 3.8-6 AN 1 @
d

P 3.8-7  Verify that the element currents and voltages shown
in Figure P 3.8-7 satisfy Kirchhoff’s laws:
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(a) Verify that the given currents satisfy the KCL equations cor-
responding to nodes a, b, and c.

(b) Verify that the given voltages satisfy the KVL equations cor-
responding to loops a-b-d-c-a and a-b-c-d-a.

- 3V +
—
L
-3A
- 1V + - 2V 4+
a C
L LI
N 4A _ 2A _
5V |f7a 6v| [l2a vl [{-5A
- + +
d

FIGURE P 3.8-7

*P3.8-8  Figure P 3.8-8 shows a circuit and some correspond-
ing data. The tabulated data provides values of the current, 7, and
voltage, v, corresponding to several values of the resistance R;.

(a) Use the data in rows 1 and 2 of the table to find the values
of vg and R;.

(b) Use the results of part (a) to verify that the tabulated data are
consistent.

(c) Fill in the missing entries in the table.

DESIGN PROBLEMS

DP3-1  The circuit shown in Figure DP 3-1 uses a potentiome-
ter to produce a variable voltage. The voltage v, varies as a knob
connected to the wiper of the potentiometer is turned. Specify
the resistances R and R, so that the following three requirements
are satisfied:

[TTT]

@ Voltmeter @

24V (ﬁ) Rp

FIGURE DP 3-1

October 26, 2005

(a)
Ry, Q | i, A | v,V
0 2.4 0
10 1.2 12
20 0.8 16
30 ? 18
40 0.48 ?
FIGURE P 3.8-8 (b)

*P3.8-9  Figure P 3.8-9 shows a circuit and some correspond-
ing data. The tabulated data provide values of the current, 7, and
voltage, v, corresponding to several values of the resistance R,.

(a) Use the data in rows 1 and 2 of the table to find the values
of iy and R;.

(b) Use the results of part (a) to verify that the tabulated data are
consistent.

(c) Fill in the missing entries in the table.

i Ry, Q LA v,V
+ 10 4/3 40/3
i R, RSy 20 6/7 120/7
~ 40 1/2 20
- 80 ? ?
(a) (b)

FIGURE P 3.8-9

1. The voltage vy, varies from 8V to 12V as the wiper moves
from one end of the potentiometer to the other end of the
potentiometer.

2. The voltage source supplies less than 0.5 W of power.
3. Each of Ry, Ry, and Rp dissipates less than 0.25 W.

DP3-2  The resistance Ry in Figure DP 3-2 is the equivalent
resistance of a pressure transducer. This resistance is specified to
be 200 2 £ 5 percent. That is, 190 Q2 < R <210 Q. The voltage
source is a 12V £ 1 percent source capable of supplying 5 W.
Design this circuit, using 5 percent, 1/8-watt resistors for R; and
R,, so that the voltage across Ry is

vo =4V £10%

(A 5 percent, 1/8-watt 100-2 resistor has a resistance between
95 and 105 2 and can safely dissipate 1/8-W continuously.)

18:58
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Design Problems - m
Ry where
S
Ry =R + R,
12V Ry Vo R

FIGURE DP 3-2

DP 3-3 A phonograph pickup, stereo amplifier, and speaker
are shown in Figure DP 3-3a and redrawn as a circuit model as
shown in Figure DP 3-3b. Determine the resistance R so that
the voltage v across the speaker is 16 V. Determine the power
delivered to the speaker.

Phonograph Amplifier Speaker
. D~
o
o
(a)
Pickup | Speaker

Amplifier :

200 mV

Ny
| b

(b)

FIGURE DP 3-3 A photograph stereo system.

DP3-4 A Christmas tree light set is required that will operate
from a 6-V battery on a tree in a city park. The heavy-duty battery
can provide 9A for the four-hour period of operation each night.
Design a parallel set of lights (select the maximum number of
lights) when the resistance of each bulb is 12 Q.

DP 3-5 The input to the circuit shown in Figure DP 3-5 is
the voltage source voltage, vs. The output is the voltage v,. The
output is related to the input by

R,

ey

Vs = &Vs

The output of the voltage divider is proportional to the input. The
constant of proportionality, g, is called the gain of the voltage
divider and is given by

Ry

Sy s

The power supplied by the voltage source is

Vs

. VSZ vsz
= Vglg =V = _
P o \ R+ R, Ri+R, Rpn

is called the input resistance of the voltage divider.

(a) Design a voltage divider to have a gain, g = 0.65.

(b) Design a voltage divider to have a gain, g = 0.65, and an
input resistance, Ry, = 2500 Q.

i,
+
() v
FIGURE DP 3-5
DP3-6 The input to the circuit shown in Figure DP 3-6 is the

current source current, i;. The output is the current i,. The output
is related to the input by

Ry

:71.;: is
RtR" &

Lo

The output of the current divider is proportional to the input. The
constant of proportionality, g, is called the gain of the current
divider and is given by

R,

£T R ¥R

The power supplied by the current source is

iy = | (BB | 2 BB o p o
p sts S R1+R2 S R1+RZS meés
where
R{R
Ry = — 2
R+ R,

is called the input resistance of the current divider.

(a) Design a current divider to have a gain, g = 0.65.

(b) Design a current divider to have a gain, g = 0.65, and an
input resistance, Ry, = 10000 2.

FIGURE DP 3-6 &




P1: IML/OVY P2: IML/OVY QC: IML/OVY T1: IML

GTBLO002-dorfc03 GTBLO002-Dorf-v32 October 14, 2005 21:2

@ + Resistive Circuits

DP 3-7  Design the circuit shown in Figure DP 3-7 to have DP 3-8  Design the circuit shown in Figure DP 3-8 to have an
an output v, = 8.5 V when the input is v¢ = 12 V. The output i, = 1.8 mA when the input is iy = 5 mA. The circuit
circuit should require no more than 1 mW from the voltage should require no more than 1 mW from the current source.

source. .
o

Ry

() v

FIGURE DP 3-7 FIGURE DP 3-8 -




