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Revision for DC Circuits 

 

1.1- Basic concepts. 

1.2- Basic Laws. 

1.3- Methods of Analysis. 

1.4- Circuit theorems.  

1.5- Examples. 

1.6- Capacitors and inductors. 
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Operational Amplifiers (Op. Amp.) 

 

2.1-    Introduction to Op. Amp. 

2.2-   Ideal Op. Amp. 

2.3-   Inverting Op. Amp. 

2.4-   Non-inverting Op. Amp. 

2.5-   Summing Op. Amp. 

2.6-   Subtracting Op. Amp. 

2.6-   Cascaded Op. Amp. 

2.7-   Integrator Op. Amp. 

2.8-   Differentiator Op. Amp. 

2.7-   Examples. 
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First-Order Circuits 

 

      3.1-    Introduction 

      3.2-   Source-free RC circuit 

      3.3-   Source-free RL circuit 

      3.4-   Step response of RC circuit 
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      3.5-   Step response of RL circuit 

      3.6-   First-order Op. Amp. circuit 

      3.7-   Examples 
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Second-Order Circuits 

 

    4.1-    Introduction 

    4.2-   Source-free series RLC circuit. 

      4.3-   Source-free parallel RLC circuit. 

      4.4-   Step response of series RLC circuit. 

      4.5-   Step response of parallel RLC circuit. 

      4.6-   Second-order Op. Amp. circuit. 

      4.7-   Examples. 
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5  

Three-Phase Circuits  

 

      5.1-    Introduction 

      5.2-   Balanced three-phase voltages. 

      5.3-   Balanced Wye-Wye connection. 

      5.4-   Balanced Wye-Delta connection. 

      5.5-   Balanced Delta-Delta connection. 

      5.6-   Balanced Delta-Wye connection. 

      5.7-   Power in balanced system. 

      5.8-   Unbalanced three-phase systems. 

      5.9-   Examples. 
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Chapter One 

Revision for DC Circuits 

 

 

 

 

1.1-  Basic concepts. 

1.2-  Basic Laws. 

1.3-  Methods of Analysis. 

1.4-  Circuit theorems.  

1.5-  Examples. 

1.6- Capacitors and inductors. 
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1.1- Basic concepts: 

• In electrical engineering, we are often interested in communicating or 

transferring energy from one point to another.  

• To do this, an interconnection of electrical devices is required.   

• Such interconnection is referred to as an electric circuit, and each 

component of the circuit is known as an element. 

 

1.1.1: An electric circuit is an interconnection of electrical 

elements. 

 

A simple electric circuit is shown in Fig. 1.1. It consists of three basic 

elements: a battery, a lamp, and connecting wires. 

 

 
Figure 1.1: A simple electric circuit 

 

A complicated real circuit is displayed in Fig. 1.2, representing the 

schematic diagram for a radio receiver. This circuit can be analyzed 

using different techniques for describing the behavior of a circuit like 

this. 
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Figure 1.2: Electric circuit of a radio transmitter 

As electrical engineers, we deal with measurable quantities. Our 

measurement, must be communicated in a standard measurement 

language such as the international system of units (SI) as shown in 

table 1.1. 

 
Table 1.2 shows the SI prefixes and their symbols. 
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1.1.2: Electric current is the time rate of change of charge 

measured in amperes (A). Mathematically, the relationship between 

current 𝑖, charge 𝑞, and time 𝑡 is: 

 

 
 

The charge transferred between time 𝑡0 and 𝑡 is obtained by 

integrating both sides of Eq. (1.1). We obtain 

 
A direct current (DC) is a current that remains constant with time. 

 
An alternating current (AC) is a current that varies sinusoidally with 

time. 

 
1.1.3: Voltage (potential difference) is the energy required to move a 

unit charge through an element, measured in volts (V). The voltage 

between two points a and b in an electric circuit is the energy (or 
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work) needed to move a unit charge from a to b as shown in fig. 1.3; 

mathematically, 

 

 

 
Figure 1.3: voltage across a and b 

 

A voltage drop from a to b is equivalent to a voltage rise from b to a 

as shown in fig. 1.4. 

 

 

 
Figure 1.4: (a) Point a is 9 V above point b; (b) point b is -9 V above 

point a 

 

1.1.4: Power is the time rate of expending or absorbing energy, 

measured in watts (W), mathematically: 
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Where p is power in watts (W), w is energy in joules (J), and t is time 

in seconds (s). From Eqs. (1.1), (1.3), and (1.5), it follows that 

 

 
 

In the case, 𝑝 = +𝑣𝑖 𝑜𝑟 𝑣𝑖 > 0 implies that the element is absorbing 

power as shown in fig. 1.5 (a). However, if 𝑝 = −𝑣𝑖 𝑜𝑟 𝑣𝑖 < 0 as shown in 

fig. 1.5 (b), the element is releasing or suppling power. 

 

 
Figure 1.5: (a) absorbing power (b) supplying power 

 

Energy is the capacity to do work, measured in joules (J). From Eq.  

(1.6), the energy absorbed or supplied by an element from time 𝑡0 to 

time 𝑡 is:  

 
The electric power utility companies measure energy in watt-hours 

(Wh), where 
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1.1.5 Circuit Elements: 

• There are two types of elements found in electric circuits:  

passive elements and active elements.  

• An active element is capable of generating energy while a passive 

element is not.  Examples of passive element are:  

1. Resistors. 

2. Capacitors. 

3. Inductors. 

Typical active elements include:  

1. Generators. 

2. Batteries. 

3. Operational amplifiers. 

 

• The most important active elements are voltage or current 

sources that generally deliver power to the circuit connected to 

them.  

• There are two kinds of sources:  independent and dependent 

sources. 

An ideal independent source is an active element that provides a 

specified voltage or current that is completely independent of other 

circuit elements as shown in figure (1.6). 

 

 

 

                                         (a)              (b)                  (c) 

Fig. 1.6: independent sources (a) and (b) voltage, (c) current 
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An ideal dependent (or controlled) source is an active element in 

which the source quantity is controlled by another voltage or current 

as shown in figure 1.7. 

 
Fig. 1.7: (a) dependent voltage source and (b) dependent current 

source 

 

1.2- Basic Laws 

• A branch represents a single element such as a voltage source or 

a resistor as shown in figure 1.8. 

 

Fig. 1.8: Branches 

• Figure 1.8 has 5 branches, namely, the 10-V voltage source, the 

2-A current source, and the three resistors. 

• A node is the point of connection between two or more branches 

as shown in figure 1.9. 
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Fig. 1.9: Nodes 

• Fig. 1.9 has 3 nodes a, b, and c. 

• A loop is any closed path in a circuit. 

• How many branches and nodes does the circuit in Fig. 1.10 have? 

 

Fig. 1.10: Branches and nodes 

     1.2.1- Kirchhoff’s current law (KCL) states that the algebraic sum of 

currents entering a node (or a closed boundary) is zero as shown in 

figure 1.11.  

 

Fig. 1.11: KCL 
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• Mathematically, KCL in fig. 1.11 implies that; 

 
• Applying KCL gives; 

 
 

     1.2.2- Kirchhoff’s voltage law (KVL) states that the algebraic sum of 

all voltages around a closed path (or loop) is zero as shown in 

figure 1.12. 

 

Fig. 1.12: KVL 

• Mathematically, KVL states that; 

 
• Applying KVL gives; 

 
• For the circuit in Fig. 2.21(a), find voltages 𝑣1 and 𝑣2. 
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Fig. 2.21: Example 1 

 
 

• Determine 𝑣𝑜 and 𝑖 in the circuit shown in Fig. 2.23(a).  

 

 
Fig. 2.23: Example 2 
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• Find currents and voltages in the circuit shown in Fig. 2.27(a). 

 

Fig. 2.27: Example 3 
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    1.2.3- Series Resistors and Voltage Division: 

• Figure 2.29 shows a single-loop circuit with two resistors in 

series. 

 

Fig. 2.29: Two resistors in series 

• To determine the voltage across each resistor in Fig. 2.29, we 

use; 

 

     1.2.4- Parallel Resistors and Current Division: 

• Figure 2.31 shows the two resistors which are connected in 

parallel. 

 

Fig. 2.31: Two resistors in parallel 
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• To determine the current in each resistor in Fig. 2.29, we use; 

 

 

     1.2.5- Delta to Wye Conversion: 

• Each resistor in the wye network is the product of the resistors 

in the two adjacent delta branches, divided by the sum of the 

three delta resistors.  

 

 

 

 



 
 

19 | P a g e                                                       D r .  M u s h t a q  N a j e e b   
 

University of Anbar 

College of Engineering 

Dept. of Electrical Engineering 

Electric Circuit I/1st Sem. 

Second Class 

2021-2022 
 

     1.2.6- Wye to Delta Conversion: 

• Each resistor in the delta network is the sum of all possible 

products of Y resistors taken two at time, divided by the 

opposite Y resistor. 

 

 

 

• Convert the delta network in Fig. 2.50(a) to an equivalent Y 

network. 

 

Fig. 2.50: Example 4 
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1.3- Methods of Analysis 

     1.3.1- Nodal Analysis: 

• Current flows from a higher potential to a lower potential in a 

resistor. 

 

• Calculate the node voltages in the circuit shown in Fig. 3.3(a). 

 

Fig. 3.3(a): Example 5 



 
 

21 | P a g e                                                       D r .  M u s h t a q  N a j e e b   
 

University of Anbar 

College of Engineering 

Dept. of Electrical Engineering 

Electric Circuit I/1st Sem. 

Second Class 

2021-2022 
 

 

 

 

Fig. 3.3(b):  
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• Nodal Analysis with Voltage Sources: 

A supernode is formed by enclosing a (dependent or independent) 

voltage source connected between two nonreference nodes and 

any elements connected in parallel with it as shown in figure. 3.7. 

 

Fig. 3.7: A circuit with a supernode 
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• For the circuit shown in Fig. 3.9, find the node voltages. 

 

Fig. 3.9: Example 6 
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    1.3.2- Mesh Analysis: 

• A mesh is a loop which does not contain any other loops within it. 

• For the circuit in Fig. 3.18, find the branch currents and using 

mesh analysis. 

 

Fig. 3.18: Example 7 
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• Mesh Analysis with Current Sources: 

• A supermesh results when two meshes have a (dependent or 

independent) current source in common as shown below. 

 

 

 

1.4- Circuit Theorems 

1.4.1- Superposition Theorem: 

• The superposition principle states that the voltage across (or 

current through) an element in a linear circuit is the algebraic 

sum of the voltages across (or currents through) that element 

due to each independent source acting alone. 
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• Use the superposition theorem to find v in the circuit of Fig. 4.6. 

 

Fig. 4.6: Example 8 
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        1.4.2- Thevenin’s Theorem: 

• Thevenin’s  theorem states  that  a  linear  two-terminal  circuit  

can  be replaced by an equivalent circuit consisting of a voltage 

source 𝑉𝑇ℎ in series  with  a  resistor  𝑅𝑇ℎ ,  where  𝑉𝑇ℎ is  the  

open-circuit  voltage  at  the terminals  and  𝑅𝑇ℎ is  the  input  or  

equivalent  resistance  at  the  terminals when the independent 

sources are turned off. 

• Find the Thevenin equivalent circuit of the circuit shown in Fig. 

4.27, to the left of the terminals a-b. Then find the current 

through 𝑅𝐿 = 6, 16, 𝑎𝑛𝑑 36 Ω. 

 

Fig. 4.27: Example 9 
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        1.4.3- Norton’s Theorem: 

• Norton’s  theorem states  that a  linear  two-terminal  circuit  can  

be replaced  by an  equivalent  circuit  consisting  of  a  current  

source  𝐼𝑁 in parallel with a resistor 𝑅𝑁, where 𝐼𝑁 is the short-

circuit current through the terminals and 𝑅𝑁 is the input or 

equivalent resistance at the terminals when the independent 

sources are turned off. 

 

• Find the Norton equivalent circuit of the circuit in Fig. 4.39 at 

terminals a-b. 

 
Fig. 4.39: Example 10 
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1.5- Examples: 

Example 2.15: 
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Example 3.4: 
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Example 3.7: 
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Example 4.12: 
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1.6- Capacitors and Inductors  

• A capacitor is a passive element designed to store energy in its 

electric field. 

• The amount of charge stored, represented by 𝑞, is directly pro- 

portional to the applied voltage 𝑣 as shown in figure 6.2. 

 

 

• To obtain the current-voltage relationship of the capacitor, we 

take the derivative of both sides of Eq. (6.1). Since 
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• The energy stored in the capacitor is 

 

• A capacitor is an open circuit to dc. 

• The equivalent capacitance of N parallel-connected capacitors is 

the sum of the individual capacitances. 

 

 

• The equivalent capacitance of series-connected capacitors is the 

reciprocal of the sum of the reciprocals of the individual 

capacitances. 
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• An inductor is a passive element designed to store energy in its 

magnetic field. 

• The voltage across the inductor is directly proportional to the 

time rate of change of the current. 

 

• The energy stored in the inductor is 

 

• The equivalent inductance of a series-connected is: 
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• The equivalent inductance of a parallel-connected is: 
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• The summary is given in Table 6.1. 
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Chapter Two 

Operational Amplifiers (Op Amp) 

 

 

2.1-    Introduction to Op. Amp. 

2.2-   Ideal Op. Amp. 

2.3-   Inverting Op. Amp. 

2.4-   Non-inverting Op. Amp. 

2.5-   Summing Op. Amp. 

2.6-   Subtracting Op. Amp. 

2.7-   Cascaded Op. Amp. 

2.8-   Integrator Op. Amp. 

2.9-   Differentiator Op. Amp. 

2.10-   Examples. 
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2.1- Introduction to Op. Amp. 

• An op amp is an active circuit element designed to perform 

mathematical operations of addition, subtraction, multiplication, 

division, differentiation, and integration. 

 

• A typical Op amp is the eight-pin dual in-line package (or DIP), 

shown in Fig. 2.1(a). Pin or terminal 8 is unused, and terminals 1 

and 5 are of little concern to us. The five important terminals are: 

1- The inverting input, pin 2. 

2- The noninverting input, pin 3. 

3- The output, pin 6. 

4- The positive power supply 𝑉+, pin 7. 

5- The negative power supply 𝑉−, pin 4. 

 

• The circuit symbol for the op amp is the triangle in Fig.  2.1(b); as 

shown, the op amp has two inputs and one output. The inputs are 

marked with minus (-) and plus (+) to specify inverting and 

noninverting inputs, respectively. An input applied to the 

noninverting terminal will appear with the same polarity at the 

output, while an input applied to the inverting terminal will appear 

inverted at the output. 
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Figure 2.1: A typical op amp: (a) pin configuration, (b) circuit symbol 

 

• As an active element, the op amp must be powered by a voltage 

supply as typically shown in Fig. 2.2. The power supply currents must 

not be overlooked. By KCL: 

        𝑖𝑜 = 𝑖1 + 𝑖2 + 𝑖+ + 𝑖−                                                                     (2.1) 

 

Figure 2.2: Powering the op amp 
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• The equivalent circuit model of an op amp is shown in Fig. 2.3.  

• The output section consists of a voltage-controlled source in series 

with the output resistance 𝑅𝑜.  

• It is evident from Fig. 2.3 that the input resistance 𝑅𝑖 is the 

Thevenin equivalent resistance seen at the input terminals, while the 

output resistance 𝑅𝑜 is the Thevenin equivalent resistance seen at 

the output.  

• The differential input voltage 𝑉𝑑 is given by: 

         𝑣𝑑 = 𝑣2 − 𝑣1                                                                                (2.2) 

 

Figure 2.3: The equivalent circuit of the nonideal op amp. 

• Where 𝑣1 is the voltage between the inverting terminal and ground, 

and 𝑣2 is the voltage between the noninverting terminal and ground. 
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• The op amp senses the difference between the two inputs, 

multiplies it by the gain A, and causes the resulting voltage to 

appear at the output. Thus, the output 𝑣𝑜 is given by 

         𝑣𝑜 = 𝐴𝑣𝑑 = 𝐴(𝑣2 − 𝑣1)                                                                  (2.3) 

 

• A is called the open-loop voltage gain because it is the gain of the op 

amp without any external feedback from output to input.  Table 2.1 

shows typical values of voltage gain A, input resistance 𝑅𝑖,  output 

resistance 𝑅𝑜, and supply voltage 𝑉𝑐𝑐. 

 

 

• A practical limitation of the op amp is that the magnitude of its 

output voltage cannot exceed |𝑉𝑐𝑐|.  

• In other words, the output voltage is dependent on and is limited by 

the power supply voltage.  

• Figure 2.4 illustrates that the op amp can operate in three modes, 

depending on the differential input voltage 𝑣𝑑: 
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1- Positive saturation, 𝑣𝑜 = 𝑉𝑐𝑐 . 

2- Linear region, −𝑉𝑐𝑐 ≤ 𝑣𝑜 = 𝐴𝑣𝑑 ≤ 𝑉𝑐𝑐 . 

3- Negative saturation, 𝑣𝑜 = −𝑉𝑐𝑐 

 

Figure 2.4: Op amp output voltage 𝑣𝑜 as a function of the differential input 

voltage 𝑣𝑑 

Example 5.1:  
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2.2-   Ideal Op. Amp. 

• An ideal op amp is an amplifier with infinite open-loop gain, infinite input 

resistance, and zero output resistance. 

1- Infinite open-loop gain, 𝐴 = ∞ 

2- Infinite input resistance, 𝑅𝑖 = ∞ 

3- Zero output resistance, 𝑅𝑜 = 0 

 

• For circuit analysis, the ideal op amp is illustrated in Fig.  5.8.  
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• Two important characteristics of the ideal op amp are: 

1- The currents into both input terminals are zero: 

 

2- The voltage across the input terminals is equal to zero; i.e., 

 

Example 5.2:  
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2.3-   Inverting Op. Amp. 

 

• The first of op amp circuits is the inverting amplifier shown in 

Fig.  5.10.   
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• In this circuit, the noninverting input is grounded, 𝑣𝑖 is 

connected to the inverting input through 𝑅1, and the feedback 

resistor 𝑅𝑓 is connected between the inverting input and 

output.  

• Our goal is to obtain the relationship between the input 

voltage 𝑣𝑖  and the output voltage 𝑣𝑜.  

 

 

• Applying KCL at node 1,  
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• Applying KCL at node 1,  
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• Notice that the gain is the feedback resistance divided by the 

input resistance which means that the gain depends only on the 

external elements connected to the op amp as shown in Eq. 

(5.9) and figure 5.11. 

 

 

Example 5.3: 
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Example 5.4: 
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2.4-   Non-inverting Op. Amp. 

 

• Another important application of the op amp is the 

noninverting amplifier shown in Fig.  5.16.   

 

Fig. 5.16: The noninverting amplifier 
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• In this case, the input voltage 𝑣𝑖 is applied directly at the 

noninverting input terminal, and resistor 𝑅1 is connected 

between the ground and the inverting terminal.  

•  Application of KCL at the inverting terminal gives: 
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• A noninverting amplifier is an op amp circuit designed to 

provide a positive voltage gain. 

• Notice that, 

 

 

 

• Such a circuit has a very high input impedance and is therefore 

useful as an intermediate-stage (or buffer) amplifier to isolate 

one circuit from another, as portrayed in Fig.  5.18. 
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Example 5.5: 
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2.5-   Summing Op. Amp. 

 

• A summing amplifier is an op amp circuit that combines several 

inputs and produces an output that is the weighted sum of the 

inputs as shown in figure 5.21. 
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• Applying KCL at node a give: 

 

 

 

 

 

• Applying KCL at node a give: 
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Example 5.6: 

 

 

 

 

 

2.6-   Subtracting (Difference) Op. Amp. 

 

• A difference amplifier is a device that amplifies the difference 

between two inputs. 
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• Consider the op amp circuit shown in Fig. 5.24. 

 

 

• Keep in mind that zero currents enter the op amp terminals. 

Applying KCL to node a, 
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Example 5.6: 
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2.6-   Cascaded Op Amp: 

 

• A cascade connection is a head-to-tail arrangement of two or 

more op amp circuits such that the output of one is the input 

of the next. 

• Figure 5.28 displays a block diagram representation of three 

op amp circuits in cascade.  

• The output of one stage is the input to the next stage, the 

overall gain of the cascade connection is the product of the 

gains of the individual op amp circuits. 

 

 

 

Example 5.9:  
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2.7-   Integrator Op Amp: 

 

• An integrator is an op amp circuit whose output is proportional to 

the integral of the input signal. 

• If the feedback resistor 𝑅𝑓 in the familiar inverting amplifier of 

Fig. 6.35(a) is replaced by a capacitor, we obtain an ideal 

integrator, as shown in Fig. 6.35(b).  
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• We can obtain a mathematical representation of integration. At 

node a in Fig. 6.35(b), 

 

 
 

• Assuming 𝑣𝑜(0) = 0 which shows that the circuit in Fig. 6.35(b) 

provides an output voltage proportional to the integral of the 

input.  

• In practice, the op amp integrator requires a feedback resistor 

to reduce dc gain and prevent saturation. 
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Example 6.13: 
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2.8-   Differentiator Op Amp: 

 

• A differentiator is an op amp circuit whose output is 

proportional to the rate of change of the input signal. 

• In Fig. 6.35(a), if the input resistor is replaced by a capacitor, 

the resulting circuit is a differentiator, shown in Fig. 6.37. 

 

 

 

• Above equation shows that the output is the derivative of the 

input. 
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Chapter Three 

First-Order Circuits 

 

 

3.1-   Introduction 

3.2-   Source-free RC circuit 

3.3-   Source-free RL circuit 

3.4-   Step response of RC circuit 

3.5-   Step response of RL circuit 

3.6-   First-order Op. Amp. circuit 

3.7-   Examples 
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3.1- Introduction: 

• The three passive elements (resistors, capacitors, and inductors) and 

one active element (the op amp) have been considered.  

• Two types of simple circuits have been considered such as a circuit 

which consists of resistor and capacitor called RC, another circuit called 

RL which consists of resistor and an inductor. 

• RC and RL circuits can be analyzed by applying Kirchhoff’s laws. 

• Applying the Kirchhoff’s laws to RC and RL circuits  produces differential 

equations. 

• The differential equations resulting from analyzing RC and RL circuits 

are called first order circuits. 

• A first-order circuit is characterized by a first-order differential 

equation. 

• There are two ways to excite RC and RL circuits.  

• The first way is by initial conditions of the storage elements in the 

circuits which called source-free circuits. Assume that energy is initially 

stored in the capacitive or inductive element. The energy causes current 

to flow in the circuit and is gradually dissipated in the resistors. 

• The second way of exciting first-order circuits is by independent 

sources. the independent sources such as dc sources have been 

considered. 
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3.2- Source-free RC circuit: 

• A source-free RC circuit occurs when its dc source is suddenly 

disconnected. The energy already stored in the capacitor is released to 

the resistors. 

• Consider a series combination of a resistor and an initially charged 

capacitor, as shown in Fig. 7.1. 

 

 

• The objective is to determine the circuit response. 

• Assume that at time t=0, initial voltage across the capacitor is 
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• This shows that the voltage response of the RC circuit is an 

exponential decay of the initial voltage. The response is due to the 

initial energy stored which is called the natural response of the circuit. 
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• The natural response of a circuit refers to the behavior (in terms of 

voltages and currents) of the circuit itself, with no external sources of 

excitation. 

• The natural response is illustrated graphically in Fig. 7.2. As t 

increases, the voltage decreases toward zero. 

 

 

• The voltage decreasing is expressed in terms of the time constant, 

denoted by 𝜏, 

• The time constant of a circuit is the time required for the response to 

decay to a factor of 1/e or 36.8 percent of its initial value. 
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• With a calculator it is easy to show that the value of  is as shown in 

Table 7.1. 

 

• Observe from Eq. (7.8) that the smaller the time constant, the more 

rapidly the voltage decreases, that is, the faster the response. 

• This is illustrated in Fig. 7.4. A circuit with a small time constant gives 

a fast response in that it reaches the steady state (or final state) 
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quickly due to quick dissipation of energy stored, whereas a circuit with 

a large time constant gives a slow response because it takes longer to 

reach steady state. 
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Example 7.1: 

 

 

 

• We first need to make the circuit in Fig. 7.5 conform with the 

standard RC circuit in Fig. 7.1. 

• We find the equivalent resistance or the Thevenin resistance at 

the capacitor terminals. 
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• The objective is always to first obtain capacitor voltage 𝑣𝑐. From 

this, we can determine 𝑣𝑥 and 𝑖𝑥. 
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Example 7.2: 
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3.3- Source-free RL circuit: 

• Consider the series connection of a resistor and an inductor, as shown 

in Fig. 7.11.  

 

 

• The goal is to determine the circuit response, assume that the current 

𝑖(𝑡) will through the inductor. 

• The idea that the inductor current cannot change instantaneously. At 

𝑡 = 0, it is assumed that the inductor has an initial current 𝐼𝑜, or  
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Example 7.3: 
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Example 7.4: 
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Example 7.5: 
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• The three most widely used singularity functions in circuit analysis are 

the unit step, the unit impulse, and the unit ramp functions. 

• The unit step function u(t) is 0 for negative values of t and 1 for 

positive values of t as shown below  
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3.4- Step response of RC circuit: 

• When the dc source of an RC circuit is suddenly applied, the voltage or 

current source can be modeled as a step function, and the response is 

known as a step response. 

• The step response of a circuit is its behavior when the excitation is 

the step function which may be a voltage or a current source. 
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Example 7.10: 
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Example 7.11: 
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3.5- Step response of RL circuit: 
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Example 7.12: 
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Problems: Section 7.2 The Source-Free RC Circuit 
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Section 7.3 The Source-Free RL Circuit: 
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Section 7.5 Step Response of an RC Circuit: 
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3.6- First-order Op Amp circuit: 

• Differentiators and integrators are examples of first-order op amp 

circuits. 

• RC circuit will be considered in Op Amp representation.  

• Nodal analysis will be used to analyze Op Amp circuits.  

Example 7.14: 
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Example 7.15: 
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Example 7.16: 
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Chapter Four 

Second-Order Circuits 

 

 

 

4.1-    Introduction 

4.2-   Source-free series RLC circuit. 

4.3-   Source-free parallel RLC circuit. 

4.4-   Step response of series RLC circuit. 

4.5-   Step response of parallel RLC circuit. 

4.6-   Second-order Op. Amp. circuit. 

4.7-   Examples. 
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4.1- Introduction: 

• In the previous chapter we considered circuits with a single storage 

element (a capacitor or an inductor).  

• In this chapter we will consider circuits containing two storage 

elements.  

• These are known as second-order circuits because their responses are 

described by differential equations that contain second derivatives. 

• Typical examples of second-order circuits are series and parallel RLC 

circuits as shown in Fig. 8.1(a) and (b) respectively.  

 

Fig. 8.1: 

• A second-order circuit is characterized by a second-order differential 

equation. It consists of resistors and the equivalent of two energy 

storage elements. 

• Two ways are used to excite second-order circuits. First way is by the 

initial conditions of the storage elements and the second way is by 

independent sources (dc sources or step inputs).  
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• The major problem students face in handling second-order circuits is 

finding the initial and final conditions on circuit variables. 

• Students are usually comfortable getting the initial and final values of  

𝑣 and 𝑖 but often have difficulty finding the initial values of their 

derivatives 𝑑𝑣 𝑑𝑡⁄  and 𝑑𝑖 𝑑𝑡⁄ .  

• Therefore, 𝑣(0), 𝑖(0), 𝑑𝑣(0) 𝑑𝑡⁄ , 𝑑𝑖(0) 𝑑𝑡⁄ , 𝑖(∞) and 𝑣(∞) must be find, 

where 𝑣 denotes capacitor voltage while 𝑖 is the inductor current.  

• There are two key points to keep in mind in determining the initial 

conditions. 

✓ First, we must carefully handle the polarity of voltage across the 

capacitor and the direction of the current through the inductor. 

✓ Second, keep in mind that the capacitor voltage is always 

continuous so that; 
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Example 8.1: 
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Example 8.2: 
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4.2- Source-free series RLC circuit: 

• Consider the natural response of series RLC circuit shown in Fig. 8.8. 

 

 

• The circuit is being excited by the energy initially stored in the 

capacitor and inductor. The energy is represented by the initial 

capacitor voltage 𝑉𝑜 and initial inductor current 𝐼𝑜 (at 𝑡 = 0).  
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• To solve such a second-order differential equation requires that we 

have two initial conditions, such as the initial value of 𝑖 and its first 

derivative or initial value 𝑣 

• Substitute equations 8.2a and 8.2b into equation 8.3, we get; 

 

• Based on the first-order circuit, the solution of equation 8.5 is the 

exponential form as; 

 

• By substitution equation 8.6 into equation 8.4, we get; 
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• The two roots of equation 8.8 are; 
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Example 8.3: 
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Example 8.4: 

 

 

Fig. 8.10 
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Fig. 8.10a:  
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4.3- Source-free parallel RLC circuit: 

• Consider the parallel RLC circuit shown in Fig. 8.13. Assume initial 

inductor current 𝐼𝑜 and initial capacitor voltage 𝑉𝑜. 

 

 

• Since the three elements are in parallel, they have the same voltage 𝑣 

across them. Thus, applying KCL at the top node gives; 
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Example 8.5: 
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4.4- Step response of series RLC circuit: 

• The step response is obtained by the sudden application of a dc source. 

• Consider the series RLC circuit shown in Fig. 8.18. Applying KVL around 

the loop for 𝑡 > 0. 

 

 

• Applying KVL around the loop for 𝑡 > 0. 
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Example 8.7: 
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4.5- Step Response of Parallel RLC Circuit 

• Consider the parallel RLC circuit shown in Fig. 8.22. We want to find 𝑖 

due to a sudden application of a dc current. 

 

 

• Applying KCL at the top node for 𝑡 > 0 
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Example 8.8: 
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4.6- Second-Order Op Amp Circuit 

• An op amp circuit with two storage elements that cannot be combined 

into a single equivalent element is second-order.  

• Because inductors are bulky and heavy, they are rarely used in 

practical op amp circuits.  

• For this reason, the RC second-order op amp circuits will be only 

considered. 

• The analysis of a second-order op amp circuit follows the same four 

steps given and demonstrated in the previous section. 

 

Example 8.11: 
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Chapter Five  

Three-Phase Circuits  

 

 

 

 5.1-    Introduction  

 5.2-   Balanced Wye-Wye connection. 

 5.3-   Balanced Wye-Delta connection. 

 5.4-   Balanced Delta-Delta connection. 

 5.5-   Balanced Delta-Wye connection. 

 5.6-   Power in balanced system. 

 5.7-   Unbalanced three-phase systems. 
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5.1-    Introduction: 

• A single-phase A.C power system consists of a generator connected 

through a pair of wires (a transmission line) to a load. Figure 5.1 shows 

a single-phase two-wire system, where 𝑉𝑃 is the rms magnitude of the 

source voltage and ∅ is the phase.  

 

Fig. 5.1: 

• Figure 5.2 shows a three-phase four-wire system. A three-phase 

system is produced by a generator consisting of three sources having 

the same amplitude and frequency but out of phase with each other by 

120o.  

 

Fig. 5.2: 
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• Figure 5.3 shows the three generated voltages which are 120o apart 

from each other. 

 

Fig. 5.3: 

• A typical three-phase system consists of three voltage sources 

connected to loads by three or four wires (or transmission lines). 

• A three-phase system is equivalent to three single-phase circuits.  The 

voltage sources can be either wye-connected as shown in Figure 5.4 (a) 

or delta-connected as in Figure 5.4 (b). 

 

                 Fig. 5.4 (a)                                                  Fig. 5.4 (b) 
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• Let us consider the wye-connected voltages shown in figure 5.4 (a); 

 

• Balanced phase voltages are equal in magnitude and are out of phase 

with each other by 120o. 

 

• Since the three-phase voltages are 120o out of phase with each other, 

there are two possible combinations. Firstly, the 𝑎𝑏𝑐 or positive 

sequence which shown in figure 5.5 can be expressed mathematically 

as; 

 

                                                           Fig. 5.5:  
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• Secondly, the 𝑎𝑐𝑏 or negative sequence which shown in figure 5.6 can 

be expressed mathematically as; 

 

                                                     Fig. 5.6: 

 

 

Example 5.1:  
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• Regarding the load connections, a three-phase load can be either wye-

connected or delta-connected as shown in figures 5.7(a) and 5.7 (b) 

respectively.  

 

                 Fig. 5.7 (a):                                                 Fig. 5.7 (b): 

 

• A wye- or delta-connected load is said to be unbalanced if the phase 

impedances are not equal in magnitude or phase. 
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• We know that a wye-connected load can be transformed into a delta-

connected load or vice versa as shown below; 

 

• Since both the three-phase source and the three-phase load can be 

either wye- or delta-connected, we have four possible connections: 
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5.2-   Balanced Wye-Wye connection: 

• A balanced Y-Y system is a three-phase system with a balanced Y-

connected source and a balanced Y-connected load. 

• Consider the balanced four-wire Y-Y system of Figure 5.8, where a Y-

connected load is connected to a Y-connected source.  

 

Fig. 5.8:  

• We assume a balanced load so that load impedances are equal. 
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• To simplify the calculations, Figure 5.9 will be considered instead of 

figure 5.8.  

 

Fig. 5.9:  
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• Assuming the positive sequence, the phase voltages (or line-to-neutral 

voltages) are; 
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• Figure 5.10 shows how to determine 𝑉𝑎𝑏 from the phase voltages. 

 

Fig. 5.10: 

• Figure 5.11 shows the same for the three-line voltages.  

 

Fig. 5.11: 
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• Applying KVL to each phase in Figure 5.9 we obtain the line currents as; 
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• The single-phase equivalent circuit in Figure 5.12. The single-phase 

analysis yields the line current 𝐼𝑎 as; 

 

 

Fig. 5.12: 

 

Example 12.2: 
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Example: 
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 5.3-   Balanced Wye-Delta Connection. 

• A balanced Y- Δ system consists of a balanced Y-connected source 

feeding a balanced Δ-connected load. 

• The balanced Y-Δ system is shown in figure 5.13. There is no neutral 

connection from source to load for this case. Assuming the positive 

sequence, the phase voltages are again; 

 

 

Fig. 5.13: 

• The line voltages are given; 
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• The above equations are showing that the line voltages are equal to the 

voltages across the load impedances for this system configuration.  

• From these voltages, we can obtain the phase currents as; 

 

• These currents have the same magnitude but are out of phase with 

each other by 120o. 
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Example: 

 

 

 



 
 

193 | P a g e                                                       D r .  M u s h t a q  N a j e e b   
 

University of Anbar 

College of Engineering 

Dept. of Electrical Engineering 

Electric Circuit I/1st Sem. 

Second Class 

2021-2022 
 

 5.4-   Balanced Delta-Delta Connection: 

• A balanced Δ-Δ system is one in which both the balanced source and 

balanced load are Δ-connected. 

• The source as well as the load may be delta-connected as shown in 

figure 5.14. Our goal is to obtain the phase and line currents as usual. 

 

Fig. 5.14: 
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Example: 
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Example: 
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 5.5-   Balanced Delta-Wye Connection: 

• A balanced Δ-Y system consists of a balanced Δ-connected source 

feeding a balanced Y-connected load. 

• Consider the circuit Δ-Y in Figure 5.15. Again, assuming the 𝑎𝑏𝑐 

sequence, the phase voltages of a delta-connected source are; 

 

• These are also the line voltages as well as the phase voltages. 

 

Fig. 5.15: 

• We can obtain the line currents in many ways. One way is to apply KVL 

to loop aANBba in figure 5.15, writing 
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• Table below presents a summary of the formulas for phase currents 

and voltages and line currents and voltages for the four connections. 
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Example: 
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 5.6-   Power in Balanced System: 

• The total instantaneous power in a balanced three-phase system if the 

load is Y or Δ-connected is;  
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Example: For the circuit shown below, Determine the total average power, 

reactive power, and complex power at the source and at the load. 
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Example 1: 

 

Solution: 

 

 

Example 2: 

 

Solution: 
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Example 3: Obtain the line currents in the three-phase circuit for the 

figure shown below:            

 

Solution: 

 

 

 

 

 



 
 

206 | P a g e                                                       D r .  M u s h t a q  N a j e e b   
 

University of Anbar 

College of Engineering 

Dept. of Electrical Engineering 

Electric Circuit I/1st Sem. 

Second Class 

2021-2022 
 

Example 4: 

 

Solution: 
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 5.7-   Unbalanced Three-Phase Systems: 

• An unbalanced system is caused by two possible situations:  

✓ Source voltages are not equal in magnitude or differ in 

phase by angles that are unequal. 

✓ Load impedances are unequal. 

• An unbalanced system is due to unbalanced voltage sources or an 

unbalanced load. 

• To simplify analysis, source voltages are assumed to be balanced, but 

an unbalanced load. 

• Figure 5.16 shows an example of an unbalanced three-phase system 

that consists of balanced source voltages (not shown in the figure) and 

an unbalanced Y-connected load (shown in the figure). Since the load is 

unbalanced,  𝑍𝐴 , 𝑍𝐵 , and 𝑍𝐶  are not equal. 

 

Fig. 5.16: 
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• The line currents are determined by Ohm’s law as; 

 

• This set of unbalanced line currents produces current in the neutral 

line, which is not zero as in a balanced system. Applying KCL at node N 

gives the neutral line current as; 

 

 

 

Example: The unbalanced Y-load of figure 5.16 has balanced voltages of 100 

V and the 𝑎𝑐𝑏 sequence; 
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Example: 
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