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1. Executive summary This is a description of the
In this assignment, an investigation W4¥#4a& Ht8 HIBAE 49 8nd switch mode power supplies.
Methods used in order to control a {ﬁﬁr)(-rogbhase squirrel cage motor were researched and
applications and efficient methods with given. Commercial AC induction drives were also looked at
giving a wide range of characteristics such as cost, reliability and maintenance. Finally the filtering

requirements of modern day drives were looked at. Multiple multisim circuits were then critically

analysed and evaluated, in order to compare practical simulation to theoretical results.

2. Research

Methods of speed control

Variable frequency what is

A variable frequency drive changes the capacity of the artifidigflift system by varying the motor
speed. (Wells, 2008). Variable frequency related directly to the speed of the motor, this means the
faster the frequency the faster the motor RPM. The output of a variable frequency is called pulse
width modulation(PWM). PWM controls the amplitude of the frequency wave in order to control
how fast/slow the motor goes. Following below in figure 1 is an oscilloscope reading of PWM. By
cycling the three phases on and off rapidly, by varying the width of duty cycle this regulates the

voltage applied to the motor.
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Variable-frequency drives are widely used to control the speed of conveyor systems, blower speeds,
pump speeds and machine tool speeds. (Evans, 2019). The most efficient application for this method
would be pump speeds. This is because a pump for most applications will not be required to run at

full load all the time, so by tailoring the duty cycle to the speed demand of the pump this would save

massive amounts of F,0.‘,.|,,e,_Can you give quantitive data from a
credible source for this?

Voltage regulation

Stator Voltage Control is a method used to control the speed of an Induction Motor. (Smith, 2018).
In order to control the speed of the motor the supply voltage can be varied in order to give a
reduced or increased speed. This control method does not alter the synchronous speed of the
motor. With this method, the voltage is varied until the torque which is required from the load is
developed, this will give the desired speed. This method of speed control is performed by using a
triacin most domestic applications. The firing angle to the triac is varied to change the speed, this is

known as a solid state regulator. This is represented below in figure 2.
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Figure 2- Variable voltage (Smith,

2018)

These solid state relays are more compact and efficient compared to conventional variable
regulators therefore they are more widely used. Typical applications for voltage control are large fan
units. This is due to the reduced starting voltage which will then lower the starting current making
high current motors use less power until they are at synchronous speed and their best efficiency

rating.




Commercial AC motor drives

_This is only relevant if the drive is a flux vector
AC servo motor drive e anq can be connected to a 3 phase

A servo drive is designédit 6pdeitdGower and manage the performance of electric
servomechanisms. The servo drive continuously monitors the feedback signals in order to
continuously respond to any deviations which are seen in the closed loop control system. This will
then be reflected in the response as the overall performance as the fast acceleration and precise
speed/position control is near perfect. Servo control loops within the drive are used for controlling
torque, velocity, or position (or a combination of the three). (Collins, 2018). Following below in

figure 3 is a typical PID look for a servo motor control.

Position Vedocit Cumrent
Pulse : . d PWM
iy Loop Loop wop  |—4l . ocsevol ol | a0
Generator . . — Ammpifier Motor
- Controller | Controler Controfier

Figure 3- PID servo drive (Collins, 2018)

the author's surname needs to be outside the brackets
According (ATO, 2015)the typical servo drive can range from 100W up to around 7.5KW, with the

cost starting at about 5300 and reach a top end of around about $2000. Since the power range
doesn’t span high enough, the servo drive is best suitable for customers with medium to small
applications. Applications mainly involve in automation, robotics, CNC machinery, and other
applications a high level of precision and needful versatility. (Williams, 2019). The asthetics of this
drive are perfect for taking up little space as the drives are very compact, this can be seen below in
figure 4. These type of drives are basically maintenance free, with only small checks which need to
be carried out which can be very quick visual checks. Since these drives are basically maintenance

free, they are very reliable drives since there is very little which can go wrong.
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*  Main circuit input power terminals

«  Control circuit input power terminals *  RS485 port
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Figure 4- Servo drive

(Mechatronics, 2020)

servo drives

control a

different type of

ac motor not

The vector drive works by controlling the current and field oridritatioa on an AC induction motor.

Sensorless vector drives

This itself makes it one of the best drives available to cas?tsé%wgsfgtensor less vector control, also
known as field-oriented control, outputs performance comparable to that of a motor drive using
position/velocity feedback — in turn decreasing drive-system cost. (Eitel, 2011). The cost of these
drives can range from around £500 anywhere up to £10000. Veichi AC70 is one of the classic general
purpose vector control drive that it offers 380V, 660V and 1140V 0.75KW to 1100KW models.
(Green, 2016). These type of drives would be used for heavy industrial applications due to their high
torque/current performance with such efficient speed and position control. Following below in

figure 5 is a typical PID control drawing for a sensorless vector drive.
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Figure 5- Sensorless vector drive PID (Frank J. Bartos, 2015)

This section is
The customers would be steel works, automotive plants and paper mills, th(%%oaql require either
large current demand or excellent position control. The drive itself is very compact with no
maintenance needed, obviously the size will depend on what KW drive is being used, however they
are still very space consuming. There is no need for maintenance on these drives at all. Due to the
sophisticated algorithms that this drive uses in order to predict the field orientation, this drive is a

highly reliable drive since there is one unit in the drive which does these calculations.

You could have considered the VSI and CSl types of drive and said

something about the Siemens S120 drive.
Filtering requirements

Some frequency-dependant components in electronic hardware can produce electric, magnetic or
electromagnetic fields. If these fields are strong enough, they can interfere with other apparatus and
cause undesired effects. (IDSM, 2019). The problem with AC inverters is that with EMI
(electromagnetic interference) is produced by switching waveforms. Long cable lengths can also
contribute to the affects of this, shielding motor cables is one type of solution however it is
expensive and may not limit common node emissions. There are international standards set in order
to determine acceptable limits for EMI, this is EN55011. Audible noise can also be an issue, if the
PWM switching frequency is in the audible range, below about 20kHz, and the inverter output is not
filtered, stator lamination vibration can cause an annoying ‘whine’. (Cooper, 2017) There are
numerous filters which can be used, for heavy industry applications which demand high current and
have long cable lengths a sine former filter can be used. Following below in figure 6 is a circuit

diagram of a sinefromer filter.
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Figure 6- sineformer filter (Cooper, 2017)

This filter is capable of being used on drive up to around 320A/520VAC. The filter makes use of a
common note choke which can dramatically reduce common mode currents and differential noise.
This filter also reduces dV/dt on waveforms which causes significant reduction in bearing currents
and has the lowest possible EMI. This type of filter is maintenance free and can be retrofitted into
any existing application. Whilst this type of filter can be expensive due to its partnership with
shielded cable, calculations have been carried out and in the long term this filter is cheaper than the

risk of failures, downtime and replacement of motors caused by noise/EMI.

3. Simulation of inverter drives

Quasi-square wave inverter
Following below in figure 7 is the quasi square multisim circuit. The circuit consists of a firing circuit,
pulse circuit and also the end load (the motor). The pulse circuit determines when to send a pulse to

the base of the transistor.
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Figure 7 — Quasi square multisim circuit

Following below in figure 8 is the output waveform for the three phase voltage of the quasi square

waveform.
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As seen in figure 9 is the output RMS voltage and current which is being applied to the star
connected load. Thisis also known as the modified outputwave. Comparing this waveform to

theoretical waves, they are identical and are as expected to be.
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Voltage and current

In order to change the RMS voltage applied to the load the width of the output quasi square wave
needs to be either made longer or shorter. In figure 10 this is illustrated, the pulse time has been
halved compared to the waveform in figure 9. This will mean that the wave form is smaller, so the
transistors will conduct for less time meaning the effect on the motor torque will lower as the

current will be lower.
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Figure 10

PWM Inverter

Following below in figure 11 is the multisim circuit for the PWM inverter simulation. It is made up of

the output load (a motor) made up of inductance and resistance, a firing circuit, a pulse firing circuit

and oscilloscopes for analysis.
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Figure 11- PWM inverter overview
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Below in figure 12 is a simulations of the PWM inverter, the image shows the pulses and the output

wave form known as notching.
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Figure 12- PWM notching

e T Chamel A Chennel B Chamnel € Chennel D
= 0.000s 0,000V 0.000 7 0,000V
** ooms 0.000V 0.000V 0.000V

TIT1 0.0005 0,000V 0.000V 0,000V

Timebass Channel_A . Trigger
Seale: | 200 uslOw | Scale: | 500 Ve o Edge: 1
Xpos.Div): |0 | ¥pos.on: [0 = a Bl [0
== ¢

Now by changing the reference signal frequency, the pulses will be faster which will then increase

the amount of PWM waves seen. As shown in figure 13 the reference signal has been changed to

6khz from 4khz.

PWM_SINUSOIDAL_3PHASE
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Figure 13- PWM reference

As seen in figure 14 is the resulting change of the reference frequency being increased, the result on

the motor will be that it will be going slower as the PWM is smaller and the pulse isn’t on for as long.
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Figure 14- PWM

Shown in figure 15 is the output PWM which is applied to the motor. It can Cleary been seen that

there are short, small pulses which mean the full frequency is not being ap
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plied to the motor.

Now to demonstrate the effect of lowering the reference signal frequency, figure 16 shows this. It

can be clearly seen that now the reference signal frequency has been lowered, the PWM waves are

longer, therefore more of the sinewave is being applied to the motor mea

faster RPM.
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Figure 16- PWM faster

Shown below in figure 17 is the output PWM being applied to the motor, more of the wave is being

applied meaning the frequency is higher which will increase the motor RPM.
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Following below in figure 18 is the switching circuit used to supply voltage to the motor. The bipolar

transistor receives a pulse to the base in order to switch it on and allow it to conduct. There is also a

flywheel diode in the circuit which allows current to be dissipated when the transistor is turned off.

The capacitor and inductor are used in order to try and suppress noise which could affect the motor.




You could have shown that the current waveforms from the PWM
drive are much smoother and sinewave like that the quasi-square
wave type
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Figure 18 - Firing circuit

Comparing the wave forms analysed with theoretical waveforms, the circuit is reacting and
performing as it should do. There is a correlation between how often there is a pulse to the base of a
set of transistors and how often there is an output of PWM. The longer the PWM wave, the greater

the line voltage.

4. Design and simulation of switch mode power supplies
Buck converter

Following below in figure 19 is the buck converter circuit that will be analysed.

Vv, Load

Figure 19-

Buck converter

Load current =lo=V/R = 16/2 = 8A

Firstly calculate t1 + t2

1 1
H42=2= =5
TE=FT 200010 O
D= 16/40=04

16




tl Vo

ti+t2 E

Vo
tl = X (t1 +t2)

1 16 54+107%) =2
tl= 40x( + ) =2us

t2=5-2=3pus

When the switch is closed, the rise will equal the value that is applicable for the

equation.
dil  40—16 24
dt L L
When the switch is opened, iL will fall flat at a rate which is suitable for the equation.
0—Vo = LdiL
BT
dil, _ —-16
dt L

Il will rise to 2xlo = 16A
Since lo = iL + iC = 8A, since iL rises, iC must fall from 8A to -8A
The inductor current is given by iL = iS +iD with only one flowing at a time
iL=iSwhen ON
iL =iD when OFF

When the switch is closed, inductor satisfies equation

40—-16= LdiJL
C T dt
diL 24
dt L
‘ 16
But gradient = 3210-6 why use 3us, you should have used
2us
24 16
L 3x107¢
24
L =3x10"%x — = 4.5uH
16 incorrect




1
Ag = 3 2.5x107¢x 8 = 10uC

Ve 01
The average voltage across the inductor over one full cycle is zero
Vstan— (Vo — Vs)toff =0
Therefore: Vs DT = (Vo — Vs)(1— D)T
Vo 1
Vs 1-D

Following below in figure 20 is the final multisim circuit for the buck converter.
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Figure 20 Buck converter multisim

As seen below in figure 21 is the constant output voltage (Vo) for the buck converter. The red line

also represents VD which is the voltage across the diode.




Figure 21 - Output waveform from buck converter

Below in figure 22 is the output continuous current for the buck converter. The green line represents

the continuous current whilst the red line represents the charging and discharging of the capacitor.
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.';fgure 22 - Buck converter current ’
Looking at the results from the simulation the output waveforms do correlate with the theory as
expected. With a purely resistive load the output voltage waveform should look like PWM blocks
with a constant voltage line running through the waveforms also. The charging and discharging of
the capacitor should mimic the current in the inductor , meaning when the current is rising in the
capacitor, it should be discharging in the inductor and when the capacitor is discharging the current

inthe inductor should be rising.
You could have measured the
average dc voltage and current
to compareyyith the question.




Boost converter
Following below in figure 23 is the circuit of the boost converter. Firstly the calculations will be done

in order to find out the duty cycle, Peak-peak ripple current of the inductor, the peak current of the

inductor and the minimum inductor value for continuous inductor current.

=
¢ Vo Load

Vs TR

® Figure 23 -

Boost converter circuit

The average voltage across the inductor over one full cycle is zero
Vstan— (Vo — Vs)toff =0

Therefore: Vs DT = (Vo — Vs)(1 —D)T

Vo 1
Vs 1-D
Where D is the duty cycle and T is the switching period
D=1 l/S—l 12—04
B Vo 20
—6
Ail = Vs ton _ VSDT: 12x0.4x505jlﬂ = 1.6A
L L 150 x 1076

Vs Il(av) = Volo

Vo 20
H{av) = — xlo= — x 15 =254
Vs 12

Ail
iL(peak) = Il(av) + ?[ =254+08=33A

Vsil(av) = Volo and So

lo = 22 = li(av) 22 = Ii(av)(1 - D
o= 5 =Ill(av) ;7= (av)( )

All
IL(av) = >

20




Vo AL (1-D)= Vs DT(1—D)
R 2 2L

1
L= E:RTD(l—D)Z

1 20
— .2 601 _ 2 _
L= 5X 15 x50x10°%(1 —-04) 48uH
D =20us
RO = 0—1333
L5 T
Following below in figure 24 is the final circuit which has been built on multisim.
________ Loy s |oovme e g ]
T A V- S B
o & s —
24 | 2 8 . :
L R 1 o1 1
o lee
v - N

Figure 24- Boost converter multisim

Now the simulation has been built, it was run in order to show continuous current through the

inductor. This is shown below in figure 25.

21




Oscilloscope-X5C1

Figure 25 - Boost

converter continuous current

Following below in figure 26 is the modified multisim with the minimum inductor value for
continuous current. This is as expected and correlates with the theory. The calculated minimum
value for continuous current is correct as in figure 27 when the inductor value is decreased to 47uH

the current goes discontinuous.

You should have measure the average voltage and current
to compare with the design criteria of the question

22
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Figure 26- Minimum

inductor value for continous current
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Figure 27 - Discontinuous current

this current is ‘just
continuous'
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5. Conclusion and recommendations

To draw a conclusion on this assignment, there are many different methods of speed control which
have different advantages for different applications. Applications which need high starting current
would not use soft start speed control/triacs as it will limit their starting voltage and current. The
most effective basic speed controller would be a variable frequency drive as it can vary the
frequency efficiently to the demand of the application. Commercial AC motor drives can provide
effective speed and position control. There are numerous factors that can be taken into account
when choosing the best type of drive. If cost is not an issue then a sensor less field orientated
control drive should be used as it produces excellent speed, torque and position control. If cost is an
issue then a smaller servo drive can be used with still amazing performance. The filtering for any AC
drive should be as good possible, as if harmonics/EMI cause motor failures or drive failures then the
cost of downtime and replacement would be more than the initial cost of putting in a good filtering
circuit. The quasi square wave inverter performed as expected, the average voltage follows previous
voltage spectrums analysed. It was proven in the simulation by varying the pulses to the transistors
this can alter the period of how long the transistors conduct for hence varying how much voltage
goes to the load. The PWM circuit performed like a typical PWM inverter, the blocky pulses put
shape a normal sine wave for the output voltage. Then when varying the reference signal frequency
in the firing block alters the width of the PWM blocks meaning the transistor staying on for either
less or more time, varying the time the voltage is applied to the end load. The buck converter wave
forms follow the theory, showing the correlation between the current in the inductor and the
current in the capacitor. The output voltage mimics normal waveforms for the buck converter which
looks like PWM however has a Vo constant voltage for the output voltage. Finally the boost
converter acted as expected from the theory, the voltage in the inductor peaks when the switch is
closed and drops off when the switch is opened. This also applies to the current as when the voltage
drops so does the current in a saw tooth manner. Overall all of the practical circuits simulated

correlate with the theoretical results/waveforms analysed.
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