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1 RESEARCH

1.1 CURRENT TECHNOLOGIES IN DC DRIVES
A major distinction between types of DC Drive is Analogue and Digital.

An Analogue DC Drive has manual setpoints, which are adjusted according to the plant model
determined by the designing Engineer through calculations and/or simulations. The Analogue Drive
also internally handles factors such as current scaling, summing of setpoints, speed scaling and PWM
generation (Parker Hannifin Manufacturing Ltd., n.d.).

Aside from both DC Drive versions using bridge circuits, in the case of a Digital Drive, the previous
features are handled digitally, by pulling all the functions into a calculations block where the
functions are run (Valentine, 1998).

Functionally, the main difference is that a Digital Drive needs to sample the current and torque
signals via Analogue to Digital conversion, facilitated by a Sample and Hold circuit. The quality of the
feedback is then determined by the sampling rate, measured in frequency (Hz). This means of
processing signals can be detrimental however, as the time taken to sample, quantize, and the
process, could total whole milliseconds, whereas in an analogue system, current monitoring is a
continuous process (Kalsi, 2010).

Panel mounted options are uncovered with components’ only protection being the panel that the
unit is installed in. The panel mounted Drive option has the virtue that it can be diagnosed and
maintained by a competent engineer as there is unencumbered access to the components.

DC Drives are available in various types of assemblies such as DIN rail mountings and panel
mountings. DIN are enclosed units, which are easy to install, which makes the replacement of a
faulty unit less time consuming which is a vital factor an industrial environment.

DC Drives can also be classified as isolated or Non-isolated. Isolated units have a separation between
input and output of the DC-DC conversion which is done by a high frequency transformer. Non-
Isolated Drives are more commaon, however they present a safety issue due to the Input and Output
being electrically linked, so it is dependent on the designer of the installation to ensure viable
protection is present to both user and device, and the responsible engineer or technician for
maintaining that protection (Mohan, 2003).

A consideration to make when replacing an outdated DC Drive is that the cost of replacing with a
new AC installation can be a more expensive prospect due to a new drive, new mator, new wiring
and possibly supply arrangement as well as a new means of mechanically transmitting power from
Motor to Load. So, it may be more advantageous to retain the existing installation and just replace
the Drive with a newer DC Drive or possibly upgrade the old SCR controller with a Digital front end.

One outdated means of speed control was the Motor and Generator set, where an AC Motor set to a
constant speed would power a field-controlled DC generator. The output from that DC Generator
would then be used to power individual DC motors. As this method is terribly outdated, arduous
maintenance is made complicated as sourcing replacement components could be troublesome due
to the age of the installation (Sivanagaraju, 2010). The simplest solution would be to just keep the
installed DC motors if possible, repurpose or recycle outdated equipment and install new DC Drives
for individual DC motors.
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1.2 FOUR QUADRANT CONTROL

In the case of industrial machinery like lathers or milling machines, braking is not really a
requirement, as it is simply enough to cut power and let the system wind down, however in other
applications such as cranes or conveyors, it is important that the machine comes to a safe stop,
which is where four quadrant control comes in.

The deceleration and acceleration of the motor is dependent on the difference between the load
torque and the motor's torque. During start-up or acceleration there is also the inertia to overcome
so this would require more energy. To decelerate, the torque will be negative. There are two defined
actions defined under Four Quadrant operation, which are motoring and braking, where motoring is
the conversion of electrical energy into mechanical energy results in a forward motion, and braking
through negative torque is the conversion of mechanical energy into electrical, which is considered
generating (Hughes & Drury, 2013).

As the current in the Armature is proportional to the motor torgue which is also dependent on the
difference between voltage applied and the back EMF, the following equation is true;
_V-E

R

So, in order to control the torque, the voltage must be manipulated to be less or more than the
produced back EMF.

1.2.1  First Quadrant

In this state, the load torque will be acting in oppaosition to motor torque, where the voltage is also
greater than the back EMPF. To start turning the load, the motor torque will be positive as is the
motor speed sure to the positive supply.

122 Second Quadrant

In this state, motor is in a forward deceleration state, where the motor torque is now negative in
relation to the load while motor speed remains positive. The supplied voltage is less than the
produced back EMF, in fact power will flow back to supply in this state of forward braking.

1.2.3  Third Quadrant

In this state, is now in reverse motoring where both motor torque and motor speed are negative, as
the supply is providing negative voltage and current energy to the motor. This state is almost a
mirror of First Quadrant.

124  Fourth Quadrant

In this state, now reverse braking, the motor speed is negative, but the motor torgue acts positive in
opposition. During this process, the voltage is positive (less than the back EMF), although the current
flow remains negative, and so as a result the motor is now in a generating state while reducing
motor speed.

1.3 THREE-PHASE DC DRIVES OVER SINGLE-PHASE DC DRIVES

One of the main benefits of using a three-phase supply for a DC drive is that the smoother
waveforms are required to drive larger motors. Fortunately, it is more straight forward to rectify
three-phase than single phase as the latter has a significantly more pulsating characteristic (Manias,
2018).




As these DC Drives are used with Brushless DC (BLDC) Motors, the downtime is minimised due to
less fouling of the installation, with mostly the bearing being the likely part wear.




2 SIMULATION

2.1 FORMULA UsED

211 Time Periods
The following two formula were used to determine the time periods for a and for #. The
denominator was set to 8ms as the frequency of the supply was set to 60Hz.

ty
=———xx
p 8% 10-3ms
ta
@ =————XT
8 x 10 3ms

2.1.2  Single Phase Average Voltage
The following formula are for Continuous Current.

1 ma 1
Vinean = = J‘ Vinazx sin(8)dé = = X X (—Vpax cos(@NF
a
|4
- %x (- cos(m + a) — —cos(a))

As —cos(a) = cos(m + a)

L 2y,
Vinean = % = (— — cos(a) + cos(a)) = %

Since cos(m + a) = —cos(a)

L';nax

 Vinean = = [~ = cos(a) + cos(a)]

2V,
“ Vnean = ;M cos(a)

The following are for Discontinuous Current. Two areas are taken to account for Back EMF

Area A= E(a — )
a+ff
Area B = j Vipay 5in(8) dé = me(-cos(ﬂ))g+ﬁ = Vax(cos(f) + cos(a))
o«

E(a — ) + Ve (cos(f) + cos(a))
3

l";il(?ﬂ" =

2.1.3 Three Phase Average Voltage
The a is found by measuring from cross over point up to the firing angle on the produced waveform.

. . : . B 3
The formula required is derived by integrating E + aand ?ﬂ over the average of g
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2r
SHa

Vinax(tine) sin(#) d6 =

1
w3

men - 3x Vmax(h'ne] x
i T

L
P 3
cos(f );_r o

w5

I3

iﬂ

3x Vmax(h'ne) 2 T
=—F X (—cos (? + a) - —Ll)b(§+a))

cos(A + B) = cos(A4) cos(B) — sin(A4) sin(B)
- CoS (% + a’) = cos (%)cos(rr) — sin (%) sin(a) = %cos(a) - ?Sin(a}

And

cos (2%[+ a) = cos (Z?H) cos(a) — sin(z?’r) sin{a) = — %cos(a’) — ?sin(ﬂ')

o Vonean = m X (— (—%cos(u} - ?sm(a}) + (%cus(a) - ?sin(a)))

%X 3Vnax(line) (%cos(a’) + ?sin((x) + %cos(a’) - ?sin(a’))

The Above simplifies into:

3Vmax i
(line)
Vinean = TCDS(L!)

So, at @ = 90°, the Vyeqn = OV, however if @ > 90°, then the V is negative.




2.2 SINGLE PHASE SIMULATION IN FULL WAVE AND FULLY CONTROLLED

221 Continuous Conduction Mode
The circuit shown in Figure 2-1, is produced using a 240V supply at 60Hz, with a 1002 resistance, a
100mH load inductance and 100V emf, and Firing Angle set to 45°.
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Figure 2-1 Single Phase Simulation at 50°
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Figure 2-2 Measured Waveform for Continuous Conduction Mode

From Figure 2-2, the Firing Angle of 45° was recorded and the following values produced;

2107 % 1073
T x = 0827

Vinax = 336.333V

2 % 336333V
Vnean = Tx cos(0.827) = 144,98V
Multimeter-XMM1 e
61V
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Figure 2-3 Multimeter Reading for Single Phase Continuous




2.2.2  Discontinuous Conduction Mode
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Figure 2-4 Single Phase Simulation at 70°
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From Figure 2-5, the following values were produced;

t1 = 2.097 for

8 ty 2.097 x 1073 0825
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Figure 2-6 t2 reading for a
The values for a were produced using Figure 2-6.
t2 = 3.194ms for a

t, 3194 x 1073
Xn=
8x10-3 8x10-3

o= xm= 1254

Using specification of V.,

_ 100(e — §) + Vinax cos(f) + cos(a)

Kne{m -

4
_ 100(1.254 — 0.823) + 337.651 X cos(0.823) + cos(1.254)
s

Multimeter-XMM1

Figure 2-7 Multimeter Reading of DCM
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337.651V from the measurement of the peak of the waveform;

= 120.29V




2.3 THREE PHASE SIMULATION IN FULL WAVE AND FULLY CONTROLLED

23.1  Firing Angle of 30°
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Figure 2-8 Three Phase Simulation at 30°
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Figure 2-10 Three Phase Input

By setting the firing angle to 30° and offsetting by 60°, the measurements in Figure 2-9 and Figure
2-10 were recorded, and using these values the following calculations were carried out.

_ 1384 x 1073
= Tgx 10

3 x 577.960
T

® 1= 0543

v X cos(0.543) = 472.53V

‘mean =

DC 10MOhm

L1
30mH
33

Figure 2-11 ¥, ... reading from the simulation
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2.3.2 Firing Angle of 15°
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Using information from Figure 2-13 and Figure 2-14, the following calculations were performed.

~ 623.269 x 107¢

= xm=0.
@ 8% 107 m = 0.245
3% 576.313
Vipean = ———— % cos(0.245) = 533.904V
o u
o uz
10
DE 10MOhm
L1
ANmM.
Figure 2-15 V.., reading
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2.4 SIMULATION REVIEW

Firing Angle Calculation Simulation

45° Single Phase 144,98V 151.961v

70° Single Phase 120.29V 130.887V

30° Three Phase 472.53V 475.539V

15° Three Phase 533.904v 530.429v
Table 2-1

The most noticeable characteristic in Table 3-1, is that the Three Phase figures are significantly
higher than that of Single Phase, which is fair as there are more phases delivering more power,
which brings the Mean Voltage up. Also, the current in the Three Phase simulations while sinuscidal,
is continuous, as is the simulation for the CCM version for the Single Phase. The DCM simulation
does have a significant difference in value between calculated and simulated, and while it could be
possible that the discontinuous nature of the current and the present Back EMF could explain a
missed factor in the calculations, it is possible an error in reading measurements from the circuit
could be a source of the error, or even calculator misuse.

The next observation made is that for both Single Phase and Three Phase simulations, as the Firing
Angle is decreased, the Mean Voltage of the Output increases, which is understandably the result of
delaying the firing of the thyristor in the bridge.
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3 PRACTICAL EXPERIMENTS

3.1 EQUIPMENT

To conduct the Practical portion of the investigation, a Parker 514C DC Drive was linked to a DC
Motor, which in turn was connected to a Variable Speed Drive (VSD), with 2 Differential Amplifiers
linked to the Motor’s supply, to that values could be safely recorded via a Picoscope and laptop
running Picoscope software, as well as an Ammeter and Voltmeter. The Differential Amplifiers
allowed for scaled measurements of 1V = 100V and 1V = 1A.

Figure 3-1 The Practical Setup with Laptop out of view
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(a)With the “Feedback” VSD drive switched off, run
the DC motor from the 514C drive for one speed
tpoint showing disconti current in the forward
direction, record armature voltage and current
waveforms. Use the measuring cursors to find all
waveform timings and measure average armature
voltage. Calculate average armature voltage using a
suitable formula. Make comparisons between theory and
practical results and account for any differences. Explain
the shape of each waveform with reference to theory.
Record voltage and current waveforms when the
direction is reversed and comment on these new
waveforms with reference to theory.
(b)Apply 3 different loads for one speed set-point in the
forward direction and observe the effects on the
performance of the drive through recorded voltage and
current waveforms and measurements of average
voltage and average current.
(&)Switch on the "Feedback” VSD drive and record
evidence of regenerative braking by running the
machine slightly faster. Explain the shape of the
waveforms produced and relate to researched theory.
(d)Demonstrate and explain four quadrant operation by
recording the speed and average current trace over a
long period during which the speed set-point must be
changed from forward motoring to reverse motoring
quickly and back again. Analyse the traces and relate to
your researched theory.
(e)Make suitable adjustments to the tuning parameters
of the drive control loops to show the effect upon
stability at start-up and record the results. Explain the
adjustments made and the effect on the performance
and stability of the motor and relate to your researched
theory.
(f)Analyse your results and produce conclusions about
the performance of the system and its component parts.




Figure 3-2 Panel containing Parker 514€, with motor connections leading to motor
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Figure 3-3 The Parker 514C DC Drive
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Figure 3-4 Connections to the terminal box of the Wound Rotor Motor

Figure 3-5 Location aof tacho on V50
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Figure 3-6 Ammeter
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Figure 3-7 Voltmeter




Figure 3-8 Picoscope

Figure 3-9 Picoscope Software running en Laptop
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3.2 1% TesT OF THE 514C AT FIXED SETPOINT, FORWARD AND REVERSE

With the VSD switched off, the motor was set to a fixed setpoint so that discontinuous current flow
could be observed. Voltage and Current readings were taken in addition to Picoscope captures, with
calculations carried out to Analyse the performance of the DC Drive.

L 1.1 1.185% v s
[] OC Average Wholeirace  J337mV_ 1998mV 444 my 82 my GOS8 mV 0
Figure 3-10 @ measurement in forward rotation

Figure 3-11 fimeasurement in reverse rotation

_0.55x 1073 i
TR Ba
_ 686X 1073 —
S Tox1o0 (T
115(2.155 — 0.173) + 337 0.173) + 2.155
o ( J (cos( ) + cos( N _ 110,061
4
E [ ty(ms) i a Multimeter Picoscope Calculation
115V | 6.86m | 0550 | 0.173 | 2.155 119V | 290m | 119.5 | 298m 119.06V
5 ms A A
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Figure 3-12 Reverse Waveform

Multimeter (mA) Picoscope (mA) Multimeter (V) Picoscope (V)
Forward 290mA | 298mA 119V 119.5V
Reverse -293mA -297mA -101v -100V

Consulting the Forward and Reverse waveforms, the characteristics are flipped. The Picoscope
measurements show significant mirroring of directions, while there is a deviance in the Ammeter
and Voltmeter readings which could be explained away as human error in recordings by the relevant
team member. In any case, the readings reflect the theory for the four-quadrant operation. There is
clear Back EMF resulting from the Discontinuous current also observed in theory and simulation.
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3.3 TESTING LOADS USING PRONY BRAKE
A Prony Brake was applied to the shaft of the DC motor to apply a load for the DC motor to work
against. The following readings were recorded.
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While the was a slight increase in measured Voltage, the Current draw climbed significantly which
was to be expected when loading the Motor with the Prony Brake. As the Loading of the Motor
increases, the firing angle reduces, in order to correct the Voltage for the increased load.

3.§ ADJUSTING VSD

Figure 3-19 Setting 5
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Figure 3-21 Setting 7

As the VSD speed setting is increased, the amount of negative current increases, as the VSD is driving
the Torque of the DC Motor in order to produce regenerative braking.
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3.5 FOUR-QUADRANT OPERATION _

Figure 3-22 Identified Quadrant States

351 Quadrant1
Voltage is indicated by blue and Current by red. Both lines are positive, clearly indicating a Forward
Running state.

352 Quadrant 2

With the setpoint set to a negative state the Voltage and Current respond and go negative. The
Voltage is not as quick to respond. During this period, current is flowing back to the supply under
this state of regenerative braking.

353 Quadrant3

Once the downward Voltage curve hits 0, the shaft has ceased rotating, but then starts to turn in the
other direction as indicated by the climbing of the Voltage line and the Current Line remaining
negative.

354 Quadrant4

The setpoint is set back to positive and the current responds by climbing up to positive along with
torque, which applies a braking force to the reverse rotation, with the Voltage also climbing, and
then settling when transitioning back to Quadrant 1 by holding steady below the current.
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4 CONCLUSIONS AND RECOMMENDATIONS

During the investigation, the potential of Four Quadrant DC Drives became clear through research
carried out along with the simulations which yielded overall positive results which reflected the
theory uncovered. While there were some calculation differences for the Discontinuous Current
Single-Phase Simulation, with more time researching possible causes would likely result in a better
result.

The most interesting aspect of the investigation was certainly the aspect of the Regenerative Braking
inherent to Four-Quadrant, as it immediately comes to the fore, that mechanical brakes which wear
heavily with frequent use are a constant maintenance issue when it comes to heavy machinery such
as cranes, lifts or cars.

With more time it would be interesting to find the whole range of applications for Four-Quadrant
operation, not just in heavy machinery, but also the application to smaller scale machinery such as
aerial drones for example, which rely on DC Drives to remain airborne.
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Critically analyse all your results for each task, summarise
and produce some overall conclusions and

jations. How do the simulation and practical
results compare with theory? What are your conclusions
about the DC drive?

‘What have you learnt overall about the performance of
these systems and their component parts from your
application of quantitative methods? You must summarise
YOUF € i ion given to busi [: and user
needs including wider engineering context and aesthetics,
the improvement of a threephase DC drive over a single-
phase DC drive in terms of operation, maintenance and
reliability.




5 TeAM WORKING Commented [E5]: 100 Words Recommended.

Provide a critical evaluation of your role and contribution to
The extent of the Team Effort for this investigation was restricted to the practical investigation, the team.

where four colleagues had rolls in tracking measurements, calibrating, and communicating progress
through the experiment. The accuracy of the results is testament to the performance of the group.
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