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4.1 DC Electrical Principles

4.1.1 Review of Resistors in Series and Parallel

Series Resistors

When resistors are connected in series then each resistor contributes its own barrier to the flow of
electrons in a circuit. This is much akin to placing weights along the length of a garden hosepipe: the more
weights there are along the length of the hose, and the heavier they become, will collectively contribute to
constricting the overall flow of water in the pipe.

The simple rule for resistors in series is therefore to add their values to find tt all resistance.

RT=R1+R2+"' [.Q]

s two 1kQ resistors
efore, from Ohms Law...

Very straightforward. The first circuit below is drawn in the Tl
connected in series to a 20V DC source. The total resistance
V 20

=R = 2000

AM1  10mA

R3 2k

— V220
AM2  10mA

The second circuit lumps together the two 1kQ resistors, making a 2kQ resistor, with exactly the same
result. Try it yourself (notice that the earth is needed to reduce errors/warnings in the simulator).
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Parallel Resistors

The picture is a little more involved when we come to consider resistors in parallel. The parallel
arrangement provides ‘alternative paths’ for the electrons to negotiate. The more alternative paths there
are will mean an easier route for the electrons. A good analogy might be to think of multiple hosepipes
connected to a single tap: there will be an increased water flow compared to the single hose arrangement.

To evaluate the overall resistance of a parallel arrangement of resistors we need to consider these multiple
paths and use the equation...

—t—F . [S]

When there are only two resistors in parallel then we may take a ¢
the product over sum for the overall resistance...

R4R
R, = 11t

=—12 [0
R+R, |

The first circuit below shows two 1kQ resistors in parallel, cG
over sum formula for the overall resistance yields...

1000 x 100

V DC source. Using the product

The lower circuit shows that the same current flows using the equivalent resistance of 500Q.
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4.1.2 Kirchhoff’s Voltage Law (KVL)
This states that the algebraic sum of voltages in any closed loop is zero. For a very simple circuit that

means that if we place a resistor across a battery then the algebraic sum of voltages in the closed loop will
be zero. Let’s have a look at this arrangement...

VM1 10V VM2 -10V

The crucial part in this circuit is that we have connected th
terminals both face the same way. Adding +10V and -1
case. Perhaps you would like to construct an arran
applies?

meters i ch a way that their ‘+’
. This proves KVL in this simple

tors and prove that KVL still

4.1.3 Kirchhoff’s Current Law (KCL)
This states that the algebraic sum of curre
prove this...

is zero. Let us again use the TINA simulator to

AM2  -10mA

1S1 10m T T 1S2 10m
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Here we have ensured that the Ammeters measure current leaving the junction in each case (notice all the
Ammeter ‘+’ terminals are connected to the junction). Adding those three currents gives zero. This proves
KCL in a simplistic case. Perhaps you would like to construct a more involved arrangement and prove that
KCL still applies?

NOTE: The two symbols at the bottom of the above diagram (marked IS1 and I1S2) are constant current
generators. They do what their title suggests: provide a constant current.

Now that KVL and KCL have been reviewed we are in a position to look through a couple or worked
examples.

[ Worked Example 1 ]

For the DC network given below:

a) Calculate the value of the supply current (is).
b) Determine V.

¢) Given that R, = R calculate the current through each of
d) Determine the value of the supply voltage (Vs).

R4 1k V4=2V

a) We can see that the value of R4 is known, as is the voltage across R4. The current is must therefore
be 2/1000 = 2mA.

b) The supply current also flows through R1 therefore the voltage V1 must be 2mA x 2000 = 4V.

c) Since Rz = R3 then is must split evenly between these two resistors. These currents are therefore
1mA each.
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d) Knowledge of KVL tells us that the supply voltage Vs must be equal to the sum of V1, V23 and Vg,
which is 10V.

[ Worked Example 2 ]

Consider the circuit below:

1IS15
—>

31?

a) Calculate the value of i1 and hence V;
b) Calculate the value of i4 and hence V4

out at the bottom of this junction must be (8 — 3) = 5A. Since
as 5Q) then Va4 must be (5 x 5) = 25V.

4.1.4 Voltage Divider
A voltage divider ‘divides’ a supply voltage across series connected resistors according to the proportion of
each resistor to the total resistance seen by the voltage source. Here’s the picture...
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R1 1k
1000mV

R2 2k
2V

-

V110
R3 3k
R4 4k
JI
Clearly the total resistance seen by the 10V battery is 10kQ. Thi sly a current of 1ImA. Since

esistor to calculate the
elops a voltage of 1mA x 3000 =

1mA flows through each resistor it is a simple matter to apply
voltage across it. For example, R3 is 3kQ and 1mA flows th
3V, as seen on the simulator. Try applying KVL to this ci

4.1.5 Current Divider
A current divider will ‘divide’ the supply c sistor in inverse proportion to the resistance of

AMS; 18.75 AM4 | 1.25mA

AM3 | 2.5mA
+ -

R3 4k R4 8k

The total resistance seen by the battery may be calculated as...
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Rr Ry Ry R; Ry
1_1+1+1+1_8+4+2+1_ 15
Ry 1000 2000 4000 8000 8000 8000

_ 5000 _ 533.3330)
o1 T

The battery current is then calculated as 10/533.333 = 18.75mA. This figure is confirmed by the source
Ammeter (AMS). As you can see, the sum of the resistor currents equals 18.75mA also, as expected. The
key to working out the currents in this circuit is to notice that each resistor is presented with 10V by the
battery. The calculations are then easy.

4.1.6 DC Motor and Generator Principles

This classic YouTube video discusses DC motors better than any
workbook can. Do take the time to review i

4.1.7 Superposition Theorem

This states that in a circuit with more than one volt
be calculated by adding the contributions from e
from one individual voltage source we must
explained with an example...

ircuit voltages and currents may
urce. To find the contributions
tage sources. This all best

[ Worked Example 3 ]

For the circuit belo y the’Sup eorem to calculate the current through R10 and the
voltage VAB.
RO 4k
AM— . A
f+ R7 4k
_E1 y ij
10V AN VM3
= E2 R10 2k
T 10V
y {B

We shall begin by considering the contribution from e.m.f (battery) E1 alone. To do this we must replace
battery E2 with a short circuit. The resulting circuit is drawn below...
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What we are expecting for this load resistor power will be the current squared times Ry, right? Since the
total resistance seen by the battery will be 3k} then the current will be 2.5 /3000 = 0.833333m4 . The
load power is then given by...

Py = I*R; = 0.000833333% x 1500 = 1.041mW

Let’s use the TINA-TI simulator to see if this power calculation is correct..

w

=Vias R2 1.5k T

gﬁ-l'.ﬁk

151 1.667Tm

167mW. On the right is our
a tiny discrepancy and is only

On the left is our Thévenin circuit, where the pow
Morton circuit, where the power meter meas
due to rounding in our previous calculations

Resistors, capacitors Are jundamental passive components in electrical
at the voltage across a resistor is always in phase with the
for capacitors or inductors.

ischarge]), just like a bathtub takes time to fill (and empty). The
form of an electrical field formed between the plates.

Inductors do not store harge. What they do store, however, is energy in the form of an
electromagnetic field around the coil. This field is not built instantly — it takes time, just like trying to
collapse the field takes time.

Capacitor-Resistor (CR) and Inductor-Resistor (LR) circuits are series circuits which are useful for timing and
filtering. Our next section examines these circuits in some useful detail.
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4.1.12 CR Circuits

To charge a capacitor via a series resistor takes a finite amount of time. Let's look at a TINA simulation for
such a situation...

TMEG
'} £ iy —
+ A\
+ - o
=10 ;

£.00 5

“Whis curve represemts
=nt shown is 10pA. This
2Nt reduces towards zero, as

current on the vertical axis and time on the horizontal axis.
current happens at the instant the switch is closed. As fi

influence of e. Let's do a quick ith - the curve looks like it shows around 3.7pA when
time is 1 second. Pluggi

This is in very go i hat we see on the curve. Let's look at a worked example involving the
charge and discharge of a capaci

Worked Example &

Consider the circuit below. We see that if the switch is moved to the left then we place a 2MO resistor in
series with a SuUF capacitor. If the switch is moved back to the right then our charged capacitor is
discharged via a series resistance of SMQ (R1 + R2).

Page 18 of 42 edexcel

Approved Centre



Unit WorkBook 4 — Level 4 ENG — U3 Engineering Science
© 2018 Unicourse Ltd. All Rights Reserved.

=1 2MELG
STATAY,
i
l d'D”
Y A0
+ §F{E IMEG

= /120
—

Assuming that there is no initial charge stored in the capacitor and pgid to the left,
calculate:

15y

a) The capacitor current after 10s.
b) The voltage across Ry after 40s.
Mow assume that the capacitor has reached full charge. The swit right. Calculate:

a) The capacitor current 25s after switching to the right.
b) The voltage across Rz 100s after switching to the right.

a) The capacitor is charged via R1. The
a series circuit. We can use our fo

ent through R1, since we have

E

i=—g YR = 000,000x0.000005 = 1051 = 3,68p4
R

b) To know the voltage ac nds we need to know the current after 40 seconds...

/2,000,000x0.000005 — 109~5,~% = 0.183p.4

The wol seconds is therefore 0.183pA x 2MO = 0 366V

c} The capacitor is fully c d to 20V and acts as the source of voltage (i.e. like battery E). The
S5MIL {i.e. R1 + R2). We may again use our formula for current...

E —t}r 20 ‘35f

P — B — 5,00, DD D05 — —& -1_ 1,

i RE E,HHI},HI}HE 4x10" xe 1.47p4
d) We need the current after 100 seconds...

E _ 20

—100;
f — — A — 5,000,000x0.000005 — 4 w 10~ % % g% = 73.3n4
i 5,000,000 ° €

The voltage across R2 after 100 seconds is therefore 73.3nA x IMO =022V
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[ Worked Example 7 ]

Consider the LR circuit below:

R1 20

| ]
1\] | AM1

!
R2 40

Assuming that there is no initial energy stored in the inductor and the to the left, caloulate:

a] The inductor current after 1ms.
b} The voltage across R after 4ms.

Now assume that the voltage across R has reached its maxi . itch is then mowved to the right.
Calculate:

c] The inductor current 333ps after switchi
d} The voltage across Rz 1.333ms after switc

a) The coil is energised via B Iso the current through R1, since we have a series

b) Tokno 1 after 4ms we need to know the current after 4ms..

_ 20
) = 20
The voltage across R1 after 4ms is therefore 0.984 x 200 = 19 6V

(1— e oozy — 1% (1 — %) = 0.984

c} The coil is mow fully energised and acts as a source of power (i.e. like battery E). The capacitor is in
series with 600 {i.e. R1 + R2). Clearly, the energy stored in the electromagnetic field of the coil will
be expended by providing current to BE1 and R2, so once it's gone it's gone. The situation we have is
one of exponential decay in the current. We may use our decay formula for current in a series RL
Circuit...
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4.2 Complex Waveforms

4.2.1 Features of Sinusoidal Waveforms

Sinusoidal voltages and currents complete a full period (cycle) in 2m radians (360 degrees). A basic sine
wave is shown in red below. Also shown (green) is a cosine wave which leads the sine wave by /2 radians
(90 degrees). Both are sinusoidal in nature/shape, the difference is in the phase (i.e. cosine leads).

w f(x)=sin(x)
Y f(x)=0.707.
! N f(x)=cos(x)
L
-1

waves from 1 to any value we wish. For example, the
op of the crest) of 325.2V. This is not a value we
d to seeing 230V. The 230V figure is derived from the

We can scale the basic amplitude (g
UK mains has a peak value (fro
normally associate wi

root-mean-squatr and is the equivalent voltage that a DC source might have to
supply to deliv alue comes out to be 0.707 times the peak value, so 0.707 x
325.2 gives aro vel of the 1V basic sinusoid is shown as the blue dotted line on the
figure

We may also scale the of the wave (i.e. how many cycles should there be in one second). The UK
mains has a frequency of 50Hz, of course, so that means there are 1/50 = 20ms in a full cycle. If we want a
1MHz sinewave then it will have a period of 1pus (i.e. 1/1,000,000).

We may also change the phase to any value required. Each of these parameters is very useful to know
when we come to realise just how useful sine waves and cosine waves are as basic building blocks for other
types of signal.
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4.2.2 Synthesis of Complex Waveforms

Any periodic waveform, including those with flat portions, may be produced just with combinations of sine
waves. The trick is to adjust the magnitude, frequency and phase of these sinusoids to just the right
amounts. This area of study is known as ‘Fourier Analysis’ and is investigated further in several level 5 units
on the higher national specification.

We start our analysis with a sinusoid of a fundamental frequency. Integer multiples of this fundamental
are known as harmonics. For example...

1 MHz fundamental

2 MHz 2" harmonic (even)
3 MHz 3™ harmonic (odd)
4 MHz 4" harmonic (even)

5 MHz 5t harmonic (odd)

6 MHz 6" harmonic (even)

7 MHz 7t harmonic (odd)
etc. etc.

We therefore have even harmonics and odd harm
waveforms we can build, just with sinusoids...

at some of the complex

f(x)=sin(x)
f(x)=sin(3x)
f(x)=sin(x)+sin(3x)

The graphic above shows a fundamental (blue) and its 3™ harmonic (pink). When we add these two
waveforms together we produce (synthesise) the complex waveform shown in red. Notice that this
waveform is symmetrical about the horizontal axis.

What about starting with the fundamental and adding the 2"¢ harmonic lagging by r/2 radians (90
degrees)? Here’s the plot for that...
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f(x)=sin(x)
fx)=sin(2x-pi2)
f(x)—sin(x)+sin(2x—pif 2)

Notice that the positive half-cycles are dissimilar in shape to the ne

We now look at the new situation where a fundamental is added to its 2
degrees) out of phase with the fundamental? Here’s the plot...

is  radians (180

Notice here that the positive h ycles are the reverse mirror image of the negative half-cycles.

You can play about with amentals and their harmonics by using the free Graph software, as used

above.
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4.2.4 RL Circuits

For series RL circuits there are some important changes to the formulae used in the previous section. The
reactance of the coil is different to the reactance of a capacitor and uses a different formula. The
impedance formula uses X, rather than Xc and the corner frequency formula is also different. These
differences are highlighted below...

X, =2nfL [Q]

Z= /RZ +X.%2 [9]

R

e = 2mL

[HZ]

Another difference is in the phasor diagram. Here the voltage across the coil
degrees...

Let’s look at a worked example involving an RL circuit.

[ Worked Example 9 ]

Consider the RL circuit below.
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12
VA A
R2
10v ¥ !
C)VZ L1
1MHz ~~ Lo 1.5u

I
1B
Calculate the: @
a) Reactance of the coil

b) Impedance of the circuit
c) Admittance of the circuit
d) Power Factor

e) Supply Current

f) True Power

g) Apparent Power

h) Half-power Frequency

a) X, =2nfL=2nXx1X 0~ 420

b) Z=+R?+ X, %= . +88.7 =/232.7 = 15.3Q
c) =%

d) PF =

e) i= % - e

f) Peye = i2R = 0.6542 =51W

8) Papparent = i2 X 15.3 = 6.5 VA

h f=—~=—22___ =128MHz

T 2nL T 2mx1.5x10~6

These answers are fairly well confirmed by the MicroCap simulation results below.
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5d=5154 |
A
S— A% |
10V ¥ :
C)pz L1
1MHz ~~~ . ps=4.048

Micro-Cap 11 Evaluation Version
cireuitt cir

|
|
|
|
|
t

|
|
|
1
|
|
|
|
t
|
|
|
|
i
|
|
|
|
1

'+ 113.302M,19.960)

7 50k

It is clear from thi

in that this RL circuit is a High-Pass Filter (HPF).

20M

pe
250 4380
1.000
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4.2.5 RLC Circuits
Our analysis here will involve a resistor, capacitor and inductor connected in series. We shall be particularly
interested in features of these circuits known as ‘resonant frequency’ and ‘Q-Factor’.

To consider the resonant frequency of a series-connected RLC circuit we must account for the reactances
of the capacitor and coil. These act in an opposite sense in the circuit (as in the previous phasor diagrams)
and when their reactances are equal in magnitude we have resonance in the circuit. When this happens
the only barrier to current flow in the circuit is the resistor itself.

Let’s examine the situation where the capacitive reactance equals the inductive reactance...

Xe =X,

= 2nfL
onfc - 2

We are interested in frequency here, so let’s isolate the f term... @
1=2nfL X 2nfC

1
2wL2mC

]c2

Taking the square root of both sides then giv

We can tidy this expression up a e formula for resonant frequency...

Notice that we ha
circuit.

anged f int@ f,, which is the standard way to represent the resonant frequency of a

An important parameter used to measure the selectivity of a tuned (resonant) circuit is the Q-Factor. The
Q-Factor for a series RLC circuit is given by...

Fact 1L
Q acor—RC

We may relate the resonant frequency, Q-Factor and bandwidth (BW) of a resonant circuit by...
fo=0QxBW

Let’s look at a worked example involving a series RLC circuit.
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[ Worked Example 10 ]

Consider the series RLC circuit below.

22n 1.5u
I
I

L2

tov()vs

Calculate the:

a) Resonant Frequency
b) Circuit current if the resonant frequency is used
c) Q-Factor

1
a = = =
) fo 2mVIC ~ 2mV1.5x10-6x22x10~9
. Vg 10
b) lreS_E_l_O_lA

1 L
c) Q — Factor = E\/;_

Note that the bandwigtini i g vertical lines at the -3dB (half power) points on the AC
analysis plot. Sin and resonant frequency, we could determine the bandwidth
quite easily...
pw . pw=20=87%09 1 ooy
- “0 o083 z

Let’s use MicroCap aga firm the above results...
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976.84m| > L2

10V ij R3 20

Micro-Cap 11 Evaluaton Viersion
Clrcuit1 cir

25.00,

20,00

1.556M,16.984

10.00

500 /
L
o m‘HKJK ol
efl Right Della Slope
R 16 901 16 084 £ BAOM £ 458N
F (Hz} 403 TESK 1.558M 1.062M 1.000

The Delta markers at the
with our calculation.

om of the plot show a bandwidth of 1.06 MHz, which is in good agreement
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4.3 Transformers

43.1 Transformer Principles
A transformer can transfer energy by means of electromagnetic induction. A typical transformer will have a
primary winding and a secondary winding, both around a common iron core, as shown below.

—
. magnetic flux
]
. : f
primary ¢ dary
winding/
——
ironcore T
When an AC current is applied to the primary winding thi g gnetic flux within the iron core,
which links and cuts the windings on the secondary etic flux linkage produces a

voltage on the secondary.

This short video intr
Check out windings in this short video

A simplified eq ris shown below.

. Xs Rs
VVV—]
m é secondary voltage
I

primary voltage

Here the resistance and reactance of the primary and secondary windings are accounted for.
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