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1. Introduction

The outcome aim of the report is to investigate DC motor drives and look for improved control
design techniques for better operating stability.

Initially background research into various single and three-phase rectifying circuits for AC and DC
conversion was carried out, further developed for configuration and control techniques used in
commercial DC drives and design methods applied for improved stability when controlling a DC
motor.

The Parker 514C single-phase four-quadrant DC drive, its control functions and power circuit were
unctuationindUded in the theoretical and practical tasks. Included in the report is mathematical analysis of the
p motors armature voltage waveform, comparison with measured averages and detailed analysis of

the current and voltage waveforms in a highly inductive DC motor at differing speeds and loads.

Figure 1 - Practical test apparatus

Good evidence of research but this task also asked for
the following: Review of single and three phase full-
wave rectifying circuits for controlled rectification when
connected to a load containing low resistance, high
inductance and a back EMF. Explain the shape of the
expected output waveforms of voltage and current.
Consider continuous and discontinuous current. Review
of suitable formulae and performance parameters for
analysing the behaviour of controlled rectifiers with
suitable comparisons made between types of rectifier




2. Research and Theory

2.1 Motor Theory
Four quadrant operation of a DC motor allows reversible rotation and reversible torque, this is
achieved with a dual converter i.e. two converters linked back to back shown in fig 2.

The forward converter (C1) produces both positive and negative dc output voltages with positive
current output, this allows operation in the first and fourth quadrants respectively. The reverse
converter (C2) produces negative current to the motor with positive and negative dc output voltages
which gives operation in the second and third quadrants respectively. Refer to fig 3 for the four
quadrants of operation. (Electronics, Converter and Converter, 2018)
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Fig.5: Single Phase Dual Converter

Figure 2 - Single phase dual converter

Speed is proportional to armature voltage so positive is clockwise and negative is anti-clockwise.
Torque is proportional to current and so if the torque and speed have the same sign the machine is
motoring(P=Tw), when torgue and speed have different signs the machine is a generator i.e. braking
torque. Also, when armature voltage and current have the same sign the electrical power (Pn=V.l,) is

positive and the machine is motoring and when their signs differ, it is negative, machine is a
generator. a good way of explaining it

Considering the back emf and since |, = % in steady state, the direction of |, depends on whether
Va or E is largest in magnitude.




+V,

[Val<|E| [Val>E|
Speed
speed+ torque- power + A speed+ torque+ power+
Forward Braking Forward Motoring
2 quadrant 1 quadrant
C2(a>90°) Cloff C1(x<90°) C2off
ya » Torque
Torque € i iy
<l —  C2(x<90°) Cloff C1(a>90°) C2off + +e
3 quadrant 4 quadrant
Reverse Motoring Reverse Braking
speed- torque- power+ v speed- torque+ power-
Speed
IVal>[El e IVal<[El

Figure 3 - DC motor four quadrant operation

Since V, is proportional to cos(a) when a>90° in quadrant 2 then V, is positive but |, is negative and
electrically the machine is generating and mechanically it is braking. (YouTube, 2018)

Referring to section 4 experiment 5, the picoscope has been used as a data logger allowing analysis
to be simplified. Looking at the result similar to that shown below, the times when either speed or
torque pass through zero correlate with the transfer between quadrants. (Wildi 2002 p.550)
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| motor | generator motor generatort machine mode
| rectifier | inverter rectifier inverter converier mode
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In the figure overleaf the torque/speed possibilities of the drive are shown. In quadrant 2 the electric
torque sign is negative but speed is positive which provides forward braking seeing that torque is of
opposite sign to direction of rotation. This drive braking can either be used as a form of dynamic
braking also called plug braking which either dissipates the power through a resistor or in the
armature in the form of heat and is very inefficient, alternatively bi-directional power flow
(regenerative braking) can be used. (Hughes and Drury, 2013)

Each quadrant has a constant torque region up to base speed and a region where the torque is
inversely proportional to the speed from base speed to max speed i.e. a constant power region.




Wmax
\ Py=Tp wp
e Wp S
_Tb Tb > T
il v
N\, —Wp y d
| I
Figure 4 - Four Quadrant operating regions This needs clarifying; do you
mean that the control signals
Control Feedback Loops to the thyristors are in

. . milliwatts?
Theory shows speed can be controlled by the average output from the rectifier which acts as a

power amplifier, Vav being determined by firing angle. The input to the rectifier can be milliwatts
but the output can be Megawatts.

Closed loop speed control is obtained with a feedback signal and amplifier, measuring the output
speed by a tacho-generator and the difference between set speed and that measured gives a speed
error. (Lander, 1981 p343-347)
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Tacho-generator
Figure 5 - Closed loop speed control
This is not always true since Pl controller could be
For this systems dpgrationancernos foust #waysd@resent but also a change in motor speed causes
large motor and thyristor currents, these must be limited to avoid damage. To obtain current
limiting a second feedback loop as shown below is employed.
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Figure 6 - Current limiting system

Here current limiting involves two amplifiers, the first Al, has limited output, A2 must receive an
input i.e. the difference between Al output and the current feedback, in order for the rectifier to
provide output. Thus, this feedback current from the load is limited by A1 maximum level and any
rise will lead to error reduction, rectifier output reduction and so load current reduction.

IR compensation is another, cheaper, less accurate method used for speed control, measure Va,
measure the volt drop across a small resistor in the armature circuit, subtracting gives the internal
back EMF voltage error which is proportional to speed.

By feeding back signals related to torque, power, such as current feedback the drive can be used for
constant torque or tension control.

St

poor quality
image

Figure 7 - DC motor control system

This control circuit has switch selectable feedback between armature voltage sensing or speed
sensing via the tacho. The current control loop with current limiting and Pl control also has
switchable IR compensation which produces a voltage error into the summing circuit.

Refer to section 2.2.3 for the Parker 514C block diagram where these elements are identified.




2.2 Rectification

2.2.1 SINGLE _PHASE, FULL_WAVE, CONTROLLED, INDUCTIVE LOAD

The circuit main elements in the diagram below are four thyristors in a bridge arrangement
connected to the load such that T1 and T2 are fired together at angle acand T3 and T4 are fired
together at angle (m + a). Thus, the gates of the thyristors are triggered from the same firing circuit
using pulse transformers for isolation. It is important that thyristors are correctly rated i.e. Peak
Forward Voltage and Peak Reverse Voltage can withstand the mains input peak value. (240*v2)

Lo Xscl

Single-phase mains
supply

I -
‘BT145 500R | 0

DC Shunt motor s
load i

P
| 'BT145_500R

Firing angle control —

Ao

Control of delay
anglea

Isolation
transformers

Figure 8 - Single-phase Full-wave contol circuit

Our area of interest is the shape of the output waveform on the DC side and how its value can be
controlled by varying the firing delay angle a. This of course depends on the nature of the load. With
either a resistive or inductive load the waveform is such as Fig 9 below (Protorit.blogspot.co.uk,
2018)

Suppression circuit
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Figure 9 - Output waveforms, resistive, inductive

There are two pulses per mains cycle and the load voltage contains sections of the mains, the size of
which depends on the firing angle. The larger the delay angle, the lower the output voltage. The
average voltage can be found by :-

Vav = if; Vmax Sin (e)de

_ Vmax(1+cos(a))
B m

Vav (eqn 1.1)

And so with a resistive load Vav can be varied from max to zero by varying o from 0 to 180°.

Due to motor loads being inductive in nature current cannot change instantaneously and this means
we cannot give a simple formula for Vav in terms of a until the load inductance is sufficient to make
the current continuous i.e. it does not fall to zero. This is indeed the case for many motor loads and
the waveform is as shown above and depends only on a.

Vav = if;m Vmax Sin (e)de

Vn:'x [-cosB]™ %,

Vay =

Vn::u [-cos(m+a) - - cos(a)]

Vay =

Since:-  cos(m+a) = -cos(a)

_ 2Vmax(cos(a))
- kg

Vav (egn 1.2)

10




We see that the larger the delay angle the lower the output voltage, but it is negative for short
periods due to the smoothing effect on the current and as a result one or other pair of thyristors
continues to conduct until all the stored energy is released, thus the average output voltage is
reduced. Introducing a free-wheel diode would stop the output going negative and would hold it at
about zero while the stored energy is released, thus increasing the average output.

From (egn 1.2) when a < 90° the converter is rectifying but at a = 90° then the voltage is as much
negative as positive and Vav = 0 and at 90° < a < 180° then Vav is negative thus the average power
flow is negative, this is called inversion and the converter returns stored mechanical energy from
load to supply i.e. regenerating mode.

When the current is discontinuous as seen on the bottom waveform, the back emf, E appears in the
top waveform:

-

Figure 10 - Output waveform discontinuous current

0B a n (n+p)

In order to find Vav divide the waveform up into sections as shown and integrate between a and
+B:

Vay = % [E(a—B) + J-:Jr'@ Vmax sinf do]

Vay = % [E(a—p)+ Vm% [-cosB]™F,

Vav = [E(@— ) + “= [-cos(n+B) - - cos{o)

Solving gives:

Vay =$ (E(@-p))+ %[COS(&) — cos(m + B)] (eqn 1.3)

11




2.2.2 THREE _PHASE, FULL_WAVE, CONTROLLED,

INDUCTIVE LOAD

The circuit consists of six thyristors in a bridge arrangement and again the load is inductive. When

switching AC inductive loads or DC relay contacts or motors transients occur due to the reactive load
being switched off and suddenly releasing energy causing a voltage spike to be superimposed on the
supply which can reach high values. The high dv/dt transient can be suppressed using low-pass filters

so that the high frequency spike is attenuated.

Three-phase mains

supply

\
\

|

DC Shunt motor
load

h : o @ é. - ncmumm
] £ g
\ J | : L3R 1:' ‘:;‘_ir‘i r\“_i.‘l';. o K 5""" i
o8 ot otE 2 /
: FEESEEEE) EEPEIEEET LS 5 ;
5 2
od [ F . ellE 1%
sy 188880 5
F ¥ F ¥
oif & o] 8 =
Isolation
AEE R, D transformers S A e
'||| i E ..-’N A0REY _1!,!—_
LAl Lo . RS N : .
i i i Suppression circuits

CFFSET . =

‘Awngs use £0Mz 08 e voltage ..\,mg for aipha s o
mssumes 1 - otheraise aloha nesshs 13 be scaled iy 8080 54 s -

Mfisim mwssuse alphn from oross ovel of zewo 55 add B4 degrees
‘bisfare 34809 vakage value for alpha. | Z\

Firing angle control

Figure 11 - Three-phase Full-wave control circuit
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Alpha is now measured from the ‘cross-over’ of phases not the zero cross over.

-Always- use B0Hz as the voltage reference foralpha . . . .. . . .. ..

jaﬂumu rl athﬁmxsg alpha nnds 1-:1 t:-n scaltd by 6&'60

3Mult|snm measme alphe from cross wer {nfzero so adsl 60 degrees

The above note can be understood by examining the waveform for Vav
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Figure 12 - Output waveform three phase

Multisim uses this angle o for firing so actual value of alpha must be taken as this angle minus n/3

Now Vav is found by integrating between (r/3)+a and (2n/3) +a averaged over 1t/3 radians.

2
Vav=——f# " Vmax(LINE)sin d@

i
m/3 ta
Integrating and using the trig identity cos(A+B) = cos(A)cos(B) — sin(A)sin(B) leads to the solution:

_ 3Vmax(LINE) ¢

Vav 0s a (eqn 1.4)

From this it is seen that when a = 90° Vav = 0 and that inversion takes place when a > 90°

13




Note that this cannot be used to run
a shunt connected motor, it must be
separately excited to allow for the
2.2.3 Parker 514C four quadrant operation. Reversing
polarity of both armature and field will

. hot reverse the direction if the motor
“The Parker 514C controller is d&swﬂet&é%ﬁgw?ﬁts%eqﬁgpc Shunt wound or permanent

magnet motor. It will provide coptrol gthe. o o) is saying is that the
motor speed in all 4 Quadrants gf/y /45 4 high impedg
operation”. although it could be USEL
(Parker, 2006) must not be connecte

the 514 has a separa
This Analog DC drive has closed loop with
Proportional Integral control action and
adjustable stability. Chassis mount IPO0
rated and with a max rating of 32A/12HP
typical. It is designed for speed control in all
4 quadrants of operation of DC shunt wound
or permanent magnet motors.

There is a linear closed loop system for
speed control, feedback is switch selectable
from either a tachogenerator or from
armature voltage. There is a current loop
within the speed loop which ensures current
levels applied to the motor are controlled a
set of programmable switches allow the
levels to be scaled appropriately. A stall
detection circuit protects the motor removing current after 60 seconds and the drive is protected by
an Instantaneous Overcurrent trip circuit for short circuit protection.

Figure 14 - Parker 514C Drive

The Product Manual HA463296 is contained in Appendix A.

The unit costs £595.95 and the block diagram is given overleaf in Fig 15. Highlighted in red are the
armature and field configuration and firing arrangement.

The speed control loop is highlighted in green; the speed set point is entered at terminal 13. The
speed feedback from the tacho generator enters terminal 1 and is filtered before entering selection
switch 1/2 (which can also be set for armature voltage feedback). Scaling occurs and then onto the
comparison element; its value is subtracted and fed to the speed loop PI controller the maximum
allowable current has limits for safety and lifespan; it is then fed to the firing circuit.

The current control loop is highlighted in blue; a reading of armature current is fed back via the
comparison element to the current Pl controller, ensuring controlled levels are applied.

Highlighted in yellow is the IR compensation (P8); used for regulating speed under load when using
armature voltage feedback. Adjustment changes compensation and reduces regulation care must be
taken when adjusting to avoid instability.

14
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3. Simulation of rectifying circuits

3.1 Single-phase, full-wave, fully controlled rectifier
A simulation circuit was built with a load, which contained an inductance L, a resistance R, and a
back EMF E to model the DC motor, fed from a single-phase supply voltage 240V, 60Hz.

With L=100mH, R=10Q), E=100V the first firing angle was chosen to be 70° in order to show
discontinuous current.
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Figure 16 - Single phase discontinuous current simulation

As can be seen a measurement of average armature voltage (130.648V) was taken using a
multimeter, this can be compared with theoretical results.

Pulse transformers are for isolation purposes, when firing the thyristors need voltage between gate
and anode, which is supplied via the phase angle controller through the isolation transformers.

Voltage and current waveforms are seen below and include the timings necessary to allow
calculation of average voltage.

The values of L, R and E are typical of the DC motor which was run during previous practical tests. In
section 4 a calculation of R from measured values gave 4 Q for the actual motor used. E depends on
speed and L is typical for this kind of shunt motor.
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alpha
<

e = e T T1 [ Time Channel_a Channel_8

= = ime annel_ nel_t o |
TLI€D %7085  786.595mV  47.638V 12 [@ | &28ms 2355V 48.433Y
P 1 8.186 ms -173.577V 1084V

® #|| 26.801s 134.749 V 37.841mV
= 3248 ms 133962V 47.601V T2-T1 1.961ms -175.932V -47.350 v
Figure 17 - Measure alpha 70 deg Figure 18 - Measure beta 42 deg

These screenshots show the output of voltage and current at 70°, at 60Hz half a cycle is 8.3333ms.
Calculate alpha = (3.248/8.3333)*pi = 1.22rad = 69.9°

Calculate beta = (1.961/8.3333)*pi = 0.739rad = 42.36°
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[ 4

Time Channel_A Channel_B
L5 WA af el BTN 337.679V 21175V
T2 (& »]| 25.805s 139.027V 57,335V
T2T1 3.007ms  -198.652V 36,160 V

Figure 19 - Measure Vmax and | max (70deg)

The same waveform is analysed for Ymax and Imax

Vmax = 337.679V

Imax =57.335/10 = 5.73A (using ohms law R=10Q)

Vmax at the input = 1.414*240 = 339.41V and this is confirmed with the CRO

The difference 339.41-337.68 = 1.73V is a drop across the rectifying bridge.

18




//‘.
/
Discontinuous
current
<
P Time Channel_A Channel_B
E * 2 268008 -224,606 V 1,206V
+ | 26801s 99,998 V -2.001mv
T2-T1 1.083 ms 324.604V -1,208V

Figure 21 - Measure Eb and Vmin
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Figure 20 - Input voltage

Due to the firing angle delay the back EMF becomes visible and the current is discontinuous.

Eback = 99.998V

Vout has gone negative lowest value -224.606V

The formulae deduced from research (eqn 1.3) can be applied:

Vav=2 (B~ ) + 2 [cos() — cos(r + )]

T

19




337.7

Vv =$(100(0.48)) +=[cos(1.22) — cos(m + 0.74) = 131.16V

This compares well with the DVM reading of 130.72V

When alpha is increased beyond 77 deg there is a simulation error

The same circuit was analysed with a firing angle delay of 40° the waveforms now show that the
current is continuous and therefore the back EMF is not visible.
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Figure 22 - Single phase continuous current simulation

Here we see the average armature voltage has increased to 165.199V as would be expected with a
shorter delay angle.
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.—‘—’f
——+ : +————+——
alpha [ 7
< <
Time Channel_A Channel_B Time Channel_A Channel_B
I 4% s0.00s 2,904V 74,580 V D2 so0ss  ms5mYV 8883V
+ | 30.008s 216,797V 26,286V € *| s0.011s 336.086 V 62,401V
T2T1 1.814ms -213.893V 48,294V T2-T1 5.784ms 150,527V -26.438 V
Figure 24 - Measure alpha 40 deg

Figure 23 - Measure Vmax and | max (40 deg)
The voltage and current waveforms appear different; alpha can be measured thus:
Calculate alpha = (1.814/8.3333)*pi = 0.68 rad = 39.2°

Vmax = 336.066V

Imax = 88.839/10 = 8.88A

The formulae deduced from research (eqn 1.2) can be applied:

Vimax
T

336,066
T

V,q\r:z

cos(a) =2 co0s(0.68) = 166.32V

This compares well with the DVM reading of 165.2V

Simulation results are tabulated for convenience on page 28.
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3.2 Three-phase, full-wave, fully-controlled rectifier

A new simulation circuit was built with a load, which contained an inductance L, a resistance R, and a
back EMF E to model the DC motor, fed from a three-phase supply voltage 240V, 60Hz. Again
isolation transformers form a buffer between firing angle controller and thyristor gates and RC
suppression protection is utilised.

With L=200mH, R=300Q), E=150V the first firing angle was chosen to be 20° and the waveforms
analysed as before.

S
o4 z
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;;;ng o
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2
ay - |-£
. h
Y =
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14 o
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$3s S8 0 o 234 R4
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! e e 4 ™ @1
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s HE7E ) SRR o s i e B
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T

tf—s 10

T3TXS 63
L v o Ll o v | P
L OFFSET . = gov ||§

: I T 1

i - EEENES4
“Ahvwirys Lse B0HZ a8 the voltags reference for alpha it I Ll
asdlames 1 - albirwae BIS0A DESLE 13 be scaked by 0050 15 TS a5

| Miuisim messure aiphe from croas over of zero 5o add 80 degrees ¢ *
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EBE L 581 (B 151 e 3 a4

Figure 25 - Three phase simulation 20 deg

The average armature voltage measured was 524.25V
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Alpha set to 20 deg

From CRO 2 a measurement for alpha can be taken T2-T1 = 927us

Calculate alpha = (0.927/8.3333)*pi = 0.35 rad =20.05°

For 240V, 60Hz the time period is 1/60 = 16.666ms and for full wave

rectification half the period is 16.666/2 = 8.33333ms

Theoretical values:

Vmax = 240 */3 = 415V and Vp = 415 * /2 = 586.89V .
For these values Vmean = (3*Vmaxqune)/Tt)cos(a)

= (3*586.89/m)cos(20) = 526.56V

<
From CRO 1 the output voltage and current can be measured 1« 3| 2;‘:‘; Figure 26 -
. s
T2 [« = 23475 Measure alpha
T2-T1 927.070us  20deg

“2 I{freq): 380 Hz
12 0
.
Figure 28 - Measure e e T T T
Vmax and | max BN I & PP
“ =1
& R [ L
T [E® Time Channel_A Channel_B |
4815s o35, 284V 277,334 S
T2 ¢ 48145 584.851V 371053V ] ‘
T2T1 -1.004 ms 45,377V 5,431V Figure 27 - DVM readings (20 deg)

Vmax = 584.661V (CHN A T2)
Imax =377.484/30 = 12.58A (CHN B T1)

The current probe shows 12.5A
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Vmean = (3*Vmaxune/m)cos(a)

Vmean = (3*584.661/mn)/cos(20.05) = 524.6V

These values are very similar with only a 0.35V difference, this can be accounted for in the
inaccuracies when taking measurements using the cursors etc.

_ 2 hd
\\\ \\ N\ \, N\ \,k h\w\ \ N
\ \‘\ ‘w\ Y hy \ \
‘\ \ \ A \\ \
. e,
N i
\ / \
N\ / 3\
- e Yy
!\ '.f" I\'\,
‘J’ b
5
“ '
€
. Time Channel_A Channel_B
;; €2l 30005 -297.871V 584,052V
| ioiis 586.926 V 583.876 V
T2T1 11.129 ms 884,797V -175.644mV

Figure 29 - Vin and Va waveforms
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From CRO3 the input waveform is shown on
CHN A and the armature voltage on CHN B

Vingwax) = 586.926V (CHN A T2)
Vimax = 584,052V (CHN B T1)

The reason for the difference 586.92-584.052
=2.87V is the drop that would occur across the
rectifying bridge.




The same circuit was now simulated with a firing angle of 50° and as expected the average voltage
has dropped due to the larger delay angle and is now 358.046V

5 uz - xsc2
@ @ @ DC 10MOhm ‘g:
ii é ia _}ké ‘:")5 é g«:n é*?‘
oi| 8 03] 8§ os| 8 12 5 :H
1 @ < —w-o" = 12 :i;:ﬂ °|2 0
240V 60H2 G4 .g 1 .g oz .g &4 &
14 5 %0 nF 0
12116 b 1 Ra cz
711 u 10k02 mlr
e —R ]
=1 o T2 ™ '.lil1 Gi T4 1!4 ” - o1
[ ™= 1 1 R
— ;:v _04*3 ™ ] 11 [ 1
l T3 Txi 16 'IIS 17
vz
OFFSET = gov ||
l 1 i 1 & RE c4
- = 10k0 nE 4
s~ atarlen Uph oot i b seaid by GOS0 e n m no, o ®m cs
Mutisim measure alpha from cross over of zero 50 acd 60 degrees c % E : ‘i % g { 10k02 nF
before setting voltage value for alpha. || ||
12 RT <6
= 10k
inF
Figure 30 - Three-phase simulation 50 deg
xr
From CRO 2 a measurement for alpha can be taken T2-T1 =
2.287ms
Calculate alpha = (2.287/8.3333)*pi = 0.86 rad =49.39 deg
Theoretical values:
Vmax = 240 *\/3 = 415V and Vp = 415 * /2 = 586.89V
For these values Vmean = (3*Vqung)/m)cos(a)
= (3*586.89/m)cos(50) = 360.24V
<
Figure 31 - Measure alpha 50 deg m " "’| 6‘;229;“5 (1:22:1;;&‘\? .
T2 (€| 9271ms  -117.390v -

T2T1 2,287 ms -282.790V
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From CRO 1 the output voltage and current can be measured

Vmax = 549.102V (CHN A T1)

Imax =215.281/30 = 7.17A (CHN B T2)

The current probe shows 6.92A

£
T [# Time Channel_A Channel_B
T2 380.570 ms 549.102V 192,353V
+ 2 331.988ms  367.411V 215,681V .. =
T2-T1 1.418 ms -181.691V 23.329V S B L D
Figure 32 - Measure Vmax and | max o R1: :{;P‘}Dg.‘.m C
C 22300 Il{rms): 6.93 A | - -
o 22: . dc):8.92A |
. L |{freq): 280 Hz| . .
. _0 ..... )
V3

Vmean measured is 358.046V

Vmean = (3*Vmaxune/m)cos(a)

Vmean = (3*585.405/mn)cos(49.39) = 363.87V

As alpha is increased the section of waveform is reduced and at this angle the cut off is beyond the
peak of the waveform, therefore Vmax on this waveform is reduced to 549.102V. Also see CRO3

overleaf.

Figure 33 - DVM readings
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However, taking Vmax as that measured from CRO3 then Vmean becomes 363.87V as shown above.

From CRO3 the input waveform is shown on CHN A
and the armature voltage on CHN B

" Vingwax) = 585.405V (CHN A T2)

Vimax = 547.564V (CHN B T1)

-1.96 the difference is

<
L] PO -
T2 |4 ||| 277.653ms 585405V  314.208V
T2-T1 1.694ms 130.272V -233.356V
Figure 34 - Measure Vin and Va
Single- Theory Simulation
phase Vmax (V) Vmean (V) Vmax (V) Vmean (V) Max error
CRO DVM v)
70° 339.41 131.16 337.68 131.64 130.65 -1
40° 339.41 165.54 336.07 166.32 165.2 +0.78
Three- Theory Simulation
phase Vmax Vmean Vmax Vmean
CRO DVM
20° 586.89 526.56 584.66 524.6 524.25
50° 586.89 360.24 585.41 363.87 358.05

+3.63 qnly 0.35 not -

Figure 35 - Simulation results table

The three-phase simulation has larger errors for analysis of results see section 5.
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4. Practical DC Drive Investigation

The motor, drive, measuring equipment and ancillary circuits were set up in G22A, as shown below.
Initially a measure of V =92V, E =91V, la = 0.25A under no load enabled a rough calculation of Ra

Ra = (92-91)/0.25 = 4Q

Using two different speeds and measuring Vav giving 0.71mV/rpm enables motor constant k to be
determined. Also the commutator effect on the back emf shows the ripple which needs filtering
before processing.

Parker 514C
Dual DC supply

'y

DC Shunt Motor |

i L oo

== :

-

verves . 4

Feedback VSD drive A Prony brake -

Figure 36 - Practical equipment

Behind the motor and contained within the drive panel are some extra electronics. A circuit
containing a 0.1 Q resistor (value chosen so as not to affect Ra) and an amplifier is used to provide a
direct, scaled current measurement, the buffered values obtainable from the drive would be no
good for waveform analysis. 1:100 scaling for the picoscope is taken care of by another opamp
which means 0.01V = 1V

The current waveforms (red trace) are seen to have an initial temporary high value when the drive
first overcomes motor inertia. actually,

this is due
Investigations are detailed on the following pages, when nt'lg%ovrvslljln&?nreduction inV makes |

temporarily negative to brake, same thing happens in rev%g%‘kvgwot?verdriven regenerative
braking can be seen, when driven in the opposite direction?hglgglpraking occurs heat and wasted
energy occurs, this is called dynamic braking. The drive does not allow for generative braking when
driven in reverse.
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Experiment 1

With the Feedback VSD drive switched off and motor running forward meter readings taken were
74V and 0.20A. The picoscope was used to record the waveform of armature voltage and current so

L34 T that back emf, alpha and
v kbl ] 1) ) THm
Y T T Al T beta can be measured.

|
|
I Vimax = 240*V2 = 339V

i
\
\
|
|
\
|

'/h‘.,j

Alpha Figure 38 - Expl alpha

00 S50 =l 0

j2_____Ja . 3]
-20 57 -1
10.0mv

Figure 37 - Expl DVM

Eb = 700mV*100 = 70V

Alpha = 7.34ms = (7.34/10)n

=2.3rad
e i Figure 39 - Exp1 beta and Eb Beta = 1.11ms = (1.11/10)r =
ela

lil 0.35rad
40 .|

l | Using egn 1.3
-5-;155 -20(1& 50 10.0 50 00

Vi = (E(a - B)) + == [cos(a) — cos(m + B)] ~ =72.9V
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Experiment 2

Again with the Feedback VSD drive off but the drive motoring in reverse, meter readings were taken

3.13ms
10.0mv

-10.08 ms
a2V

69ms

f=23v

.

Figure 40 - Exp2 alpha

.
So—

=)

&
o

o——- —

-15.0

I
I
|
; 5

I
I
I
I
I
I
|
-15.0 -1%.
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Figure 42 - Exp2 beta and Eb

0.0

-125V and -0.23A. With
both being negative it
confirms reverse
motoring and thus
operation of the other
bridge rectifier.
Waveforms are flipped
over.

e L

IFigure 41 - Exp2 DVM

Eb=-1.22*100=-122V

Alpha = 6.9ms = (6.9/10)rt
=2.17rad

Beta = 510us = (0.51/10)rt
=0.16rad

Usingegn 1.3

Vav = 123.7V, waveform
is below OV and therefore
negative, this agrees with
the negative sign on the
DVM which shows the
polarity and confirms
direction.




Experiment 3

Using the Feedback VSD and the prony brake a load of 0.2Nm was applied and meter readings taken
123V and 0.64A, the speed was recorded with a digital tacho of 1723rpm

[_E-_:! o

1| 467ma -088ms  631ms Eb - 115V

10.0mv 115V 1.4V

| Alpha = 6.31ms *pi/10 = 1.98 rad
Beta = 870us *pi/10 = 0.27 rad
From eqgn 1.3

Vav = 123.64V

Figure 44 - Exp3 Load 0.2Nm alpha

|, bEptade Snaia 4 oS oy siiprlS it Teliones

-15.0 -10.0

én

00

W1eg |-0Mms |60 Figure 43 - Exp3 0.2Nm DVM
10.0mV 115V 1.14V

Figure 45 - Exp3 Load 0.2NM beta

|
|
|
|
|
|
|
|
4150 gﬁ 0 50 00
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Load increased to 0.4Nm, meter readings 125V and 1.01A, speed 1727rpm
PR Ep =115V

i -5.06ma |-1.18ms  [6.12ms

10.0mV 118V 14V .
| Alpha = 6.12ms *pif10 = 1.923
| rad
I Beta = 1.23ms *pi/10=0.386
rad

|
V. .
|

+—5

Fromeqn 1.3

Vav =118.99V

Figure 47 - Exp3 0.4Nm alpha

|
|
|
|
|
|
.

-150 -100

I
|
I
I
|
I
I
|
:

-20 0.0

Figure 46 - Exp3 0.4Nm DVM

Figure 48 - Exp3 0.4Nm beta

-150 -10.0 5.0 0.0
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Load increased to 0.6Nm and meter readings 126V, 1.42A and speed 1731rpm

S55Tms  |-113ms  |S73ms
00wV 11V 112V

!
E Eb=111V
| Alpha =5.73ms *pif10=1.8 rad

Beta=1.31ms *pi/10=0.41 rad

Fromegn 1.3

Vav =123.39V

Figure 50 - Exp3 0.6Nm alpha

-10.0 -5.0 0.0

S99 ms 113ms 1.31ms
-10.0mV 1.1V 112V

Figure 49 - Exp3 0.6Nm DVM

Figure 51 - Exp3 0.6Nm beta
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Experiment 4

The Feedback VSD drive was run slightly faster than the DC motor, when the motor is overdriven like
this the current changes polarity and the machine is now in regenerative braking mode (quadrant 2)

] e

-

Figure 52 - Exp4 waveform regenerative braking

The current waveform has gone negative meaning energy is being fed back to the supply.
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Experiment 5

The speed and average current were recorded over a longer period during which the speed set point
was changed from forward motoring to reverse motoring quickly and back again. The picoscope was
used as a data logger to trace speed (red) and torque (blue) and each quadrant can be seen below.

ﬂ A | il \ I‘-
f \ |
f \\ \ J‘f \\ \
BT . —— ) G S N S — ——— - | O . S——
! |}
\\ f \
\ / 1
e ——————— A
L
: Figure 53 - Exp5 4 quadrants
E £0 L] ] -] 2 & L

Expanding the trace and investigating the signs of the speed and torque then the four quadrants are
identified thus.

Speed, w f

-:\T. [l
1y - ll|
.4 i1
Figure 54 - Exp5 Annotated : : = ;' :
feud] s
[ il
[ i
[ L
Fraaall 149
[ i
[ e
[ i
[ i
[ e
Quad 1 (w+ T+ P+) o Quad 3 (w-T- P+) b
[ HEs
Quad 2 Quad'4
(w+T-P-) (w-T+ P-)

It can clearly be seen that these quadrants concur with theory as shown in figs 3 and 4 in terms of
the polarity of the variables being exactly as expected.
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Experiment 6

The tuning parameters of the drive control loops were adjusted to show effects on stability at start-
up. The results show that altering Kp and Ki on the speed feedback loop will allow the user to get a
better response from the motor with lower overshoot, less oscillation and faster settling time.

Tuning Response Result
parameter
s
l |
Kp min | | Taia
' | 1.24s
Ki min 1' :
l |
|
|
|
|
|
|
Kp max [ | Bow ey 4 TS:
: | 633m
Ki min [ : ¢
I |
|
|
| 21738 19 168
Kp min | sov  asv s Ts =
l 3.694
Ki max I 5
|
|

36




Kp max

Ki max

Kp mid

Ki mid

20623 |-983.0ms  |1.0793
0.0V 458V 458V Ts=

1.08s

-1320ms  |600.0ms  |7320ms
0oV 458V 458V

Ts=
732m

Figure 55 - Exp6 Results

The best result is seen with a settling time of 633ms, this is with Kp at max and Ki at min, the number

of oscillations is 2
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5. Analysis of results

PRACTICAL RESULTS

The first set of tests carried out in the practical task were under no-load conditions for both forward

and reverse motoring

Table 1 - Practical results varying speed set-point

FORWARD REVERSE
Firing angle a (rad) 2.3 2.17
Firing advance angle B (rad) 0.35 0.16
Calculated Vav (V) 72.9 -123.7
Measured Vav (V) 74.0 -125
Errorin Vav (V) 1.1 1.3
Back emf (V) 70 -122
Measured Current (A) 0.20 -0.23

These results clearly show correlation between practical and theory, waveforms are as expected
with discontinuous current, there is agreement between calculated and measured average voltage.

The back EMF is close to the value for Vav as the motor is unloaded.

The theoretical dynamic behaviour of a dc motor without mechanical load means when current
flows in the armature speed increases until the back EMF equals the applied voltage and thus
reduces current to zero. However, the effects of friction and windage cause some loading, also
inductance has an effect. (Hughes A. , 2006)

Errors between results calculated from the waveform integration and measured values are small and
caused by cursor placement, rounding errors and the assumption that the waveform is ideal in

nature.

The second set of test results show an increasing mechanical load being applied and are shown

below. See summary of waveforms on pages 30-32.

Table 2 - Practical results - load effect

TEST1-0.2Nm TEST 2—-0.4Nm TEST 3—-0.6Nm
Firing angle a 1.98 rad 1.92 rad 1.8 rad
Firing advance angle B 0.27 rad 0.39 rad 0.412 rad
Calculated Vav 123.64 118.99 129.39
Measured Vav 123 125 126
Error in Vav 0.64 6.01 3.39
Back emf (V) 115 115 111
Current (A) 0.64 1.01 1.42

With increased loading as expected firing angle decreases, which increases Vav and the current, is
seen to increase. Eb remains steady with speed. Due to the controlling action of the drive in
maintaining the speed setpoint a few other subtle effects on average voltage and back EMF occur.
Test 2 gave one spurious result for which | would recommend taking a repeat measurement had

time allowed.




SIMULATED RESULTS

The results of the simulated tests can be seen to correlate well with theory and errors are due to
cursor placement, rounding, etc.

Single- Theory Simulation
phase Vmax (V) Vmean (V) Vmax (V) Vmean (V) Max error
CRO DVM (V)
70° 339.41 131.16 337.68 131.64 130.65 -1
40° 339.41 165.54 336.07 166.32 165.2 +0.78
Three- Theory Simulation
phase Vmax Vmean Vmax Vmean
CRO DVM
20° 586.89 526.56 584.66 524.6 524.25 -1.96
50° 586.89 360.24 585.41 363.87 358.05 +3.63

Unlike a real motor drive with natural negative feedback multisim is open loop with no speed
compensation included

The firing angle has a direct effect on Vav as expected with lower angles giving higher voltages and
thus causing speed to increase under steady load conditions, Eb remains unchanged however.

Continuous and discontinuous current waveforms are analysed to show the effects of both.
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6. Conclusions and Recommendations

Through research, practical and simulation the aims of the assignment have been met fully.
Research on four quadrant operation and rectifying circuits was essential for informing the analysis
of simulated and practical results. The Parker 514C was reliable and gave expected output
waveforms. Waveforms from simulation were also as expected, closely matching theory. Overall
performance was robust and correlation with quantitative research was high.

Recommendations for SCR protection:

During the practical current spikes are seen upon firing.

Figure 56 - Current spikes

The spike could damage the thyristors so protective measures like a clamping device (capacitor
snubber) could be used. Circuit breakers must be used to protect against over current problems.

Problems commonly encountered with rectifier DC drives include supply distortion. The harmonics
cause heat and torque pulsations along with resonance from interaction of rectifier RL and pf
correction capacitors. This could be overcome by removing dominant harmonics with tuned LC filters
at input or installing self-commutating devices in the converter like GTOs, IGBTs. Another problem is
low supply power factor in relation with the firing angle when operating at low speed. In response to
this PWM rectifiers with high power factors and low supply distortion are desirable. However,
switching losses then effect efficiency.

The overall effect on the motor includes current ripple, torque ripple and heat but adding La will
smooth current. Effect of discontinuous current means rectifier voltage output increases and thus
poor speed regulation under open loop occurs.

The practical was carried out in a small team, my contribution was essential in recording the various
parameters, and ensuring results for all experiments required were within an acceptable range or
necessitated a repeat experiment. | also analysed promptly the results making sure anomalies could
be accounted for.
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assignment 1

GRADEMARK REPORT

FINAL GRADE GENERAL COMMENTS

81/100

Instructor

PAGE 1

PAGE 2

PAGE 3

PAGE 4
Text Comment. punctuation
Text Comment. Good evidence of research but this task also asked for the following:
Review of single and three phase full-wave rectifying circuits for controlled rectification when
connected to a load containing low resistance, high inductance and a back EMF. Explain the
shape of the expected output waveforms of voltage and current. Consider continuous and
discontinuous current. Review of suitable formulae and performance parameters for analysing
the behaviour of controlled rectifiers with suitable comparisons made between types of rectifier

PAGE 5
Text Comment. a good way of explaining it

PAGE 6
Text Comment. note that this author is using 4th quadrant for 2nd and 2nd quadrant for
4th.

PAGE 7
Text Comment. This needs clarifying; do you mean that the control signals to the
thyristors are in milliwatts?
Text Comment. This is not always true since Pl controller could be used. It would be true
for a P controller only

PAGE 8

Text Comment. poor quality image



PAGE 9

PAGE 10
QM Citation Needed
Cite Source:
Please use the link below to find links to information regarding specific citation styles:
http://www .plagiarism.org/plag_article_citation_styles.html
QM Citation Needed
Cite Source:
Please use the link below to find links to information regarding specific citation styles:
http://www .plagiarism.org/plag_article_citation_styles.html
PAGE 11
QM Citation Needed
Cite Source:
Please use the link below to find links to information regarding specific citation styles:
http://www plagiarism.org/plag_article_citation_styles.html
PAGE 12
PAGE 13
QM Citation Needed
Cite Source:
Please use the link below to find links to information regarding specific citation styles:
http://www.plagiarism.org/plag_article_citation_styles.html
QM Citation Needed
Cite Source:
Please use the link below to find links to information regarding specific citation styles:
http://www.plagiarism.org/plag_article_citation_styles.html
PAGE 14
Text Comment. Note that this cannot be used to run a shunt connected motor, it must be
separately excited to allow for the four quadrant operation. Reversing polarity of both armature
and field will not reverse the direction if the motor is connected in shunt. However, what the
manual is saying is that the field has a high impedance and although it could be used in shunt, it
must not be connected that way as the 514 has a separate field supply.
PAGE 15
PAGE 16
PAGE 17
PAGE 18

PAGE 19




PAGE 20

PAGE 21

PAGE 22

PAGE 23

PAGE 24

PAGE 25

PAGE 26

PAGE 27

Text Comment. the difference is only 0.35 not -1.96

PAGE 28

Text Comment. actually, this is due to switching back emf of the coil

PAGE 29

PAGE 30

PAGE 31

PAGE 32

PAGE 33

PAGE 34

PAGE 35

PAGE 36

PAGE 37

PAGE 38

PAGE 39

PAGE 40
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LIESEL WILLIAMS

81

RESEARCH-INFORMED LITERATURE

(

yﬁr

Section 1: Research - Excellent evidence of
research on all aspect required. However, equations
should have been cited from a source. (25/30)
Section 5: Your use of Harvard for citing and listing
— A good range of sources listed and cited
correctly. However, the bibliography also contained
many of the sources already found in the citation
list. A bibliography would normally contain a list of
sources read but not cited. (2/5)

KNOWLEDGE AND UNDERSTANDING

27

(

y“ Section 2: Explanation of simulation - Excellent 1 0
explanations given for both circuits.(5/5) Section 3:
Explanation of practical experiment — Excellent.

(5/5)

ANALYSIS

(

y‘ Section 2: Analysis of results from simulation - 25

Excellent analysis carried out with very good
summary table. One error noted in final column.
(9/10) Section 3: Analysis of results from practical
experiment — Excellent analysis of results given.
(9/10) Section 4: Overall conclusions and
recommendations — Very good with some
recommendations. You have clearly benefited from
this assignment .(7/10)




PRACTICAL APPLICATION AND DEP.

(

y"’ Section 2: Simulation - Excellent use of MultiSIM.
However, avoid cropping images when presenting
results from oscilloscopes. (4/5) Section 3: Practical
experiment - carried out to a high standard with
results well presented (5/5)

SKILLS FOR PROFESSIONAL PRAC.

(

y‘ All sections - A well structured, presented and
written report covering all aspects of the
assignment. However, one image is of poor quality
and should have been drawn using a computer or
imported from a source.(8/10) Section 4: Team role
-Brief explained (2/5)
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