
































































































































































































































































































































































































































































































































Figure 6.31 shows the rms phase currents waveform in the five-phase generator when
phase-a and -c are open-circuit. The rms currents are increased in phase-b and -d and
decreased in phase-e which agrees with the simulation results. The percentage change in
the rms phase currents relative to the normal rms current is shown in Table 6.12. The
total generator copper loss is a factor of 1.3 of the rated copper loss. Phase-b and -d will

operate at significantly higher temperatures than under normal conditions.

20

Phase-b

Phase current (A)

144 216 288 360
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Figure 6.31. Phase currents for the five-phase system with phase-a and -b open-circuit.

Table 6.12. The percentage increase and decrease of rms phase currents relative to the

normal condition in the five-phase system when phase-a and-c are open-

circuit.
Percentage change Peak value (A)
Phase-b 91% 8.6 14.4
Phase-d 62% 7.3 14.4
Phase-e -18% 3.7 94

Table 6.13 illustrates the comparison between the five- and three-phase system under

normal failure conditions.
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Table 6.13. Comparison between experimental results for the five- and three-phase system under normal and failure conditions.

lEfﬁciency

Three-phase system Five-phase system
Normal Single-phase Normal Single-phase | Adjacent phase | Non-adjacent
condition failure condition failure failures phase failures
peak- peak- peak- peak- peak- peak-
Ac side Average peak Average peak Average peak Average peak Average peak Average peak
ripple ripple ripple ripple ripple ripple
Shaft tarque 49 | 31% | 38 | 263% | 47 | 18% | 45 | 183% | 32 | 246% | 41 | 238%
(Nm)
Shaft Power (W) 719 31% 550 263% 692 18% 660 183% 475 246% 595 238%
Dc side Average Average Average Average Average Average
73 3% 60.5 24% 72 1.4% 684 | 53.9% | 554 88% 62.1 83%
Dc voltage (V) )
Dc power (W) 606 6% 429 54% 595 29% | 540 100% | 373.3 164% 470 154%
Losses
113 121 o7 120 101.7 125
Total losses(w)
84% 78% 86% 81.8% 78.6% 79%

k-
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6.4 Summary

In this chapter, the operation of the five-phase and three-phase permanent magnet
generator feeding a diode bridge rectifier under single open-circuit phase failures is
assessed and discussed. Also the operation of five-phase system with adjacent and non-

adjacent open-circuit phase failures is presented.

With a single phase open-circuit failure, the five-phase system has a higher output dc
voltage and load power compared to the three-phase system, 7.4% higher. The peak-to-
peak torque ripple in the permanent magnet generator for the five-phase is
approximately 183% and in the three-phase system is 263%. The five-phase system
efficiency is 6% higher than the three-phase system. It is clear from the results that five-
phase system has advantages over three-phase system with a single open-circuit phase

failure in terms of generator torque ripple, output power, and efficiency:.

The five-phase system has adjacent and non-adjacent open-circuit failure modes. With
two adjacent phase failures the system has an efficiency of 82.1% and with non-adjacent
phase failure the efficiency is 83.8%. In both cases the efficiency is higher than with the
three-phase single-phase failure. It observed that non-adjacent failure produces a less
extreme operating condition compared to adjacent phase failures particularly in terms of
torque ripple and voltage ripple. Under both adjacent and non-adjacent phase failures,

the five-phase system still outputs more power than the three-phase system with one

failure.

In the three-phase system with an open-circuit phase failure, the remaining two phase
currents have the same rms value but the rms value is increased compared to the normal
condition. In the five-phase system the rms phase currents are not the same in all phases
at failure. Some phases have higher rms value than rated and other phases have a lower
rms value. With a single open-circuit phase failure the total copper loss in the three-
phase generator is 49% higher than the rated copper loss. In the five-phase generator the
copper loss increases by only 14% compared to the normal operating conditions. In the
five-phase generator with two open-circuit phase failures the total copper loss is higher

than the rated copper loss. With adjacent phase failure the loss is 12% higher than rated
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loss and with non-adjacent phase failure the total loss is 30% higher than rated loss. The

generator may sustain this mode of operation but this will lead to increase the generator

temperature if it operates for a long period.

Experimental data for the five- and three-phase permanent magnet generators is used to
verify simulation results. There is a slight difference in waveforms due to the back emf
distortion in the practical design due to iron saturation around the stator mounting holes.
But the results confirm that five-phase system has improved performance under open-

circuit failure compared to the three-phase system, these being reduced torque ripple

and improved output power.
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Chapter 7

Analysis of the dc link capacitor current

7.1 Introduction

In this chapter the rms current of the dc link capacitor in the five- and three-phase PM

generator systems is investigated using the simulation model. FEA and experimental

tests.

Analysis of the dc link capacitor current is presented in section 7.2 and the capacitor

rms ripple current and capacitor core temperature are discussed in section 7.3.

Simulation is performed when all phases of the permanent magnet generator are
functioning properly (the normal condition), and when single. adjacent and non-adjacent
open-circuit failures occur. Simulation results for the five- and three-phase system for
both normal cases and failure conditions are discussed in section 7.4. In section 7.5 the
capacitor current for the five- and three-phase system is assessed using FEA where the

FEA is performed on the practical design.

Experiments under normal and failure conditions are performed for the three- and five-
phase systems. The results are presented in section 7.6. These verify the simulation and
FEA results. The key outcomes are that under normal operation the five-phase system
has advantage of a lower capacitance requirement compared to the three-phase system
with the same absolute capacitor core temperature. However, during failure the power
delivered from the five-phase system is greater and this imposes a more extreme
operating condition on the dc link capacitor. Care must be exercised when specifying

the dc link capacitor in a five-phase system that may be expected to operate with one or

more phase failures.
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7.2 Dc link capacitor current

The capacitor is used to smooth the output voltage thereby generating near constant
voltage. The capacitor is connected in parallel with the resistive load as shown in figure

7.1. The diode rectifier current, Iz, equals the sum of the load current, /;. and capacitor

current, /..

Idc:]c+lL (71)
The capacitor current is
dvy,
[, =C—=-c@ 2
. =C—= (7.2)

where C is the capacitance and V. o, is the dc link voltage. The equivalent series
resistance of the capacitor is ignored for simplicity. The capacitor current has a
frequency equal to six times the source frequency in the three-phase system and ten
times the source frequency in the five-phase system under steady-state operation with

no fault conditions.

RI
Rectifier output cC =/ §

O

Figure 7.1 The output section showing the load current, /;, capacitor current, /. and dc

output current, /.

7.3 Dc link capacitor rms ripple current and core temperature

Ripple current is a key factor for capacitor lifetime. The lifetime of the capacitor

depends on temperature of the capacitor core and periods operation at high core
temperatures lead to thermal stress that can have a significant impact on accumulated

lifetime. The ripple current in the capacitor is the primary source of heat generation in
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the core which increases the capacitor core temperature. The capacitor power (or rate of

heat generated in the capacitor) is [7.1]

P_=I’_R (7.3)

cap c-rms=" pop

where .., 1s the rms value (ripple current) of the capacitor current, and Rgsg is the

equivalent series resistance of the capacitor.

For a given capacitor, Rgsp depends on the frequency and core temperature of the
capacitor. Characteristic curves are often provided by the manufacturer. The core

temperature should not exceed the maximum temperature given by the manufacturer.

The core temperature of the capacitor can be calculated using [7.2]

T.=T +T, (7.4)

where T, is ambient temperature (assumed here to be 45°C worst-case ) and 7T, is the
core temperature rise. 7, is estimated

]:'=RhaXP' (75)

cap

where Ry, is the thermal resistance.

The thermal resistance, Ruq, depends on the capacitor dimensions and the airflow around
the capacitor as shown in Table D7 Appendix D. In this thesis the airflow is assumed to
be 2ms-'. The dimensions of the 200V 470pF, capacitor used in the five-phase system

are $36x52mm and for the three-phase system (2200uF, 200V) are ¢51 x82mm. From
Table D7 the thermal resistance is 8.29°C/W for the five-phase capacitor and 4.7°C/W

for the three-phase capacitor. The capacitor type used in this research is the BHC

ALS30 Series.
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As the Rgsg decreases with ripple frequency, the ripple current capability of an
electrolytic capacitor increases with ripple frequency. For example. rated rms ripple
current for the 470uF capacitor at 100Hz is 2.6A but increases to 4.3A at 10 kHz. Most
manufacturers give the rms ripple current for particular frequency. For other frequencies

a formula is often provided to correct the rms current ripple [7.3]. For the ALS30 series

this formula is

; =J Fx A x B o
rms _cap IOOX(Bz—A2)+(F)<A2) (/.

where F'is the required frequency, and A and B are the maximum 100Hz ripple current
and 10kHz ripple currents respectively and are provided by the manufacturer. The
frequency compensation is only made for normal conditions where the fundamental
frequency of the current is greater than 100Hz. With failure conditions the fundamental
frequency of the capacitor current is 93Hz which is close to 100Hz. Hence frequency

compensator for Rgsg is only carried out for normal conditions.

7.4 Simulation analysis of dc link capacitor current

The five- and three-phase systems simulated in chapters 4 and 5 are used to investigate
the dc link capacitor requirements for the five- and three-phase systems. The simulation
is performed for the normal condition, where all phases function, and the failure

conditions with a single phase open-circuit, with an adjacent and with a non-adjacent

open-circuit failure.

7.4.1 Dc link capacitor current under normal conditions current

Table 7.2 and 7.3 show the simulation results for different values of dc link capacitor. It
is clear from the tables that with the same capacitance the five-phase system has a lower
rms capacitor current compared to the three-phase system. The capacitor values 470uF

and 2200pF produce similar values of output dc voltage ripple for the five- and three-

phase systems respectively. These were the chosen for the cxperimental work in this



thesis. The rms capacitor current for the five-phase system is then a factor of 5 lower
than the three-phase system. It is observed that the rms capacitor current decreases as
the capacitance increases. This is due to relationship between the capacitor current and
output dc voltage (7.2). For example, with a small capacitor value the output dc voltage
has higher ripple hence the derivative of this voltage has a higher value and the
capacitor current, which equals the derivative dc voltage multiplied by the value of
capacitor, will be higher. In the five-phase system the capacitance used is lower than the
three-phase system, even so the capacitor rms current still lower than that experienced

in the three-phase system. This is one advantage of the five-phase system over the three-

phase system under normal conditions.

Table 7.1. Simulation results for the five-phase system with different values of dc link

capacitor. The average output dc voltage is 78.1V.

Capacitor, uF Peak-to-peak RMS Capacitor
output ripple, (V) Current, A
220 1 0.23
470 0.6 0.22
680 0.3 0.21
1000 0.2 0.2
2200 0.12 0.2

Table 7.2. Simulation results for the three-phase system with different values of dc link

capacitor. The average output dc voltage is 78.0V.

Capacitor, uF Peak-to-peak RMS Capacitor
output dc ripple, (V) Current, A
220 12.3 1.68
470 44 1.32
680 2.8 1.22
1000 1.8 1.2
2200 0.7 1.1
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Figure 7.2 and 7.3 show the dc link capacitor current for the five- and three-phase
systems respectively. The capacitors in this simulation are the capacitors that give the

same output dc voltage ripple for both systems, 2200pF for the three-phase and 470uF

for the five-phase system.
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Figure 7.2. Dc link capacitor current from MATLAB simulation for the five-phase
system. The dc link capacitor is 470uF.
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Figure 7.3. Dc link capacitor current from MATLAB simulation for the three-phase
system. The dc link capacitor is 2200uF.

From the ALS30 datasheet for the 200V series of capacitors, the rms current ripple for
the five-phase system with a 470uF capacitor operated at 466.7Hz (ten times the
generator frequency) is 3.9A and for the three-phase system with 2200uF at 280Hz (six
times the generator frequency) it is 9.1A. The actual rms capacitor current ripple for the
five-phase system is only 6% of the rated rms ripple current. For the three-phase system

it is 12% of rated rms current. Even though the 470uF capacitor has a higher Rgsg
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(286mQ) compared to the 2200uF capacitor (73mQ), the five-phase capacitor dissipates
13.8mW internally compared to 88.3mW in the three-phase capacitor. The capacitor
core temperature rise in the five-phase system, 0.11°C, is less than the three-phase
system, 0.4°C, (Appendix D). Both temperature rises are small. It is clear that the five-
phase system has a lower capacitance requirement compared to the three-phase svstem

for the same output ripple and will operate at a lower core temperature.

7.4.2 Dc link capacitor current with a single phase open-circuit failure

In this simulation, phase-a is disconnected for both the five- and three-phase systems.
The output dc voltage for both systems has higher peak-to-peak ripple as discussed in
Chapter 6. Higher output dc voltage ripple will generate higher rms current ripple in the
dc link capacitor. Figures 7.4 and 7.5 show the dc link capacitor current waveform for
the five- and three-phase systems respectively. The fundamental frequency is twice the
generator electrical frequency (93.3Hz) for both systems. The three-phase system
capacitor has a peak current (11.5A) equal to 1.6 of the peak value in the five-phase
system (7A). The rms current in the five-phase capacitor (3.4A) is lower than the rms
current in the three-phase system capacitor (7.0 A). However. in the five-phase system
the rms ripple current with a single phase failure has a value which is 110% of the rated
rms ripple current of the capacitor. In the three-phase system, the ripple current is 83%
of the rated ripple current of the capacitor. As a consequence of the increase in the rms
currents in both cases, the capacitor core temperature is increased (Tables D1 and D2,
Appendix D). In the five- and three-phase phase systems the capacitor core temperature
rise is 27.4°C and 17 °C respectively giving an absolute core temperature of 72.4°C for
the five-phase capacitor and 62°C for the three-phase capacitor. As the temperature is
below 85°C (maximum operating temperature is 105°C) [7.3] both capacitors are still
within specification in the five- and three-phase system, but the lifetime of the three-

phase capacitor would be expected to be longer than the five-phase system.
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Figure 7.4. Dc link capacitor current from MATLAB simulation for the five-phase

system with a single phase open-circuit failure. The dc link capacitor is

470uF.

15

Capacitor current (A)

[}
—
(]

|

[
—
(V]

Rotor angle (Elect. deg)

Figure 7.5. Dc link capacitor current from MATLAB simulation for the three-phase

system with a single phase open-circuit failure. The dc link capacitor is

2200pF.

7.4.3 Dc link capacitor current with adjacent open-circuit phase failures

In this case, two adjacent phases, phase-a and -b, are open-circuit in the five-phase
system. The capacitor rms current ripple, as expected, is found to be higher than the
case of a single phase failure (Section 6.2). Figure 7.6 shows the capacitor current

waveform under this condition. The rms current ripple is 4.9A which is a factor of 1.6
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higher than rated rms ripple current. The estimated temperature rise of the capacitor
core is 55.5°C which would increase the capacitor absolute core temperature to 100.3°C
(Table D1). This is a high value and close to the maximum operating temperature of the

capacitor, 105°C. Capacitor lifetime would be greatly reduced.

Decreasing the capacitor value reduces the capacitor rms current ripple. For example. by
reducing the capacitor from 470uF to 330uF the capacitor rms current reduces to 3.-4:\.
The drawback is that the output dc voltage ripple will increase during normal operation.
With the 470uF capacitor, it is possible to increase the load resistance to reduce the rms
current in capacitor to rated value. It is found that the load must increase by factor of 3
in order to do this. This will decrease the power captured from the generator by a factor
of 3. These simulations show that the five-phase system under adjacent open-circuit
failure must either shutdown or control the load in order to avoid damaging the dc link
capacitor through excessive rms current. This assumes that the prime mover speed
remains the same. In reality, the failure reduces the output power and the turbine blade
system would accelerate to a speed where the power from the blade system matched that
delivered to the load. In the further work section the system response to a phase failure

is identified as an area of future research.

10 e e

Capacitor current (A)

-10 - -
Rotor angle (Elect. deg)

Figure 7.6. Dc link capacitor current with adjacent open-circuit phase failures. The dc

link capacitor is 470uF.
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7.4.4 Dc link capacitor current with non-adjacent open-circuit phase failures

In this case a pair of non-adjacent phases ( phase-a and phase-c) are open circuit. The dc
ripple voltage is 45.5V, which is less than that with an adjacent open-circuit phase
failure, therefore the capacitor rms current ripple is expected to be lower compared to

the rms current with adjacent failures.

Figure 7.7 shows the capacitor current waveform. It is observed from the figure that the
capacitor current has a fundamental frequency equal to twice the generator electrical
frequency. The capacitor has an rms current ripple equal to 4.3A which is 142% of the
rated ripple current value. In the case of non-adjacent phase open-circuit failure the
capacitor core temperature rise is 43.8°C giving an absolute core temperature of 88.5°C
(Table D1). This is near to the rated temperature, 85°C, and the expected drawback is a
reduction the lifetime of the capacitor. The rated rms ripple can be achieved by
increasing the resistive load by 150%. However, reducing the load also reduces the

generator shaft power, in this case to 40% of the rated power.
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Figure 7.7. Dc link capacitor current with non-adjacent open-circuit failure phase. The

dc link capacitor is 470pF.

The simulation results are summarised in Table 7.3 where the capacitor ripple current is
also expressed relative to the rating of the capacitor. It is clear from the results that the
capacitor in the three-phase system can tolerate a single phase open-circuit failure. In
the five-phase system the core temperature calculations suggest that with a single phase
failure the absolute core temperature would be tolerable. The increase in rms current in

the capacitor is mainly due to the fact that the five-phase system can export more power
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than the faulted three-phase system. With two adjacent phases failures the five-phase
system will be at risk if the system works for a significant time. With two non-adjacent
phase failures the capacitor will operate just above the continuous core temperature
limit. This would lead to reduced lifetime of the capacitor. In all cases decreasing the
load (by increasing the load resistance) leads to a reduction in the capacitor rms current
and could be used to satisfy the generator rated current. Ultimately, in the five-phase
system, the capacitance could be increased to solve this problem. In the next section

simulation results are validated using FEA and the experimental system.

Table 7.3. Simulation results for the dc link capacitor current in the three-and five-phase

systems
Three-phase Five-phase
Capacitor ripple current Capacitor ripple current
rms ripple | relative to rms ripple relative to
current (A) rated rms current(A) rated rms
Normal condition 1.1 0.12 0.22 0.1
Single phase open-circuit 7.0 0.85 3.4 1.1
Two adjacent open circuit - - 4.9 1.6
Two non-adjacent open circuit - - 43 1.4

7.5 FEA analysis of dc link capacitor

FEA analysis is used to analyse the current in the dc link capacitor of the three- and
five-phase systems. FEA is applied to the practical design (with mounting holes). The
FEA results are expected to be slightly different from the simulation model results due

to the distortion in the phase back emf (Chapter 5). The capacitor current is discussed

for both normal and failure conditions.



7.5.1 Dc link capacitor current under normal conditions

In this case, all phases function properly. The mounting holes have a significant effect
on the output dc voltage of the five-phase system compared to the three-phase svstem
(Section 5.4). Due to the distortion in the dc output voltage the capacitor current in the
five-phase system is different compared to the simulation results. Figure 7.8 and 7.9
show the dc link capacitor current waveform for the five- and three-phase systems
respectively. The current in the dc link capacitor in the five-phase system has a
fundamental frequency equal to two times the generator electrical frequency instead of
ten times. However, the important issue in this chapter is the value of the capacitor rms
current ripple. In the three-phase system the capacitor current has a fundamental
frequency equal to six times the generator electrical frequency which agrees with the
simulation results. The five-phase system’s capacitor current has an rms value of 0.44A
which is 0.11 of the rated value (3.9A at 467Hz). In the three-phase system, the
capacitor current is 1A which is also 0.11 of the capacitor rated ripple current (9.1A at
280Hz). This confirms that when both systems have no failures the capacitor operates
within design limits and the five-phase system has the advantage of requiring a lower

capacitance compared to the three-phase system.
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Figure 7.8. FEA simulation of the dc link capacitor current for the five-phase system

using the proposed design. The dc link capacitor is 470uF.
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Figure 7.9. FEA simulation of the dc link capacitor current for the three-phase system

using the proposed design. The dc link capacitor is 2200uF.

7.5.2 Dc link capacitor current with a single phase open-circuit failure

Figures 7.10 and 7.11 show the capacitor current when phase-a is open-circuit for both
the five- and three-phase systems. The fundamental frequency for both systems is the
same and equal to 93.3Hz. The capacitor rms current ripple in the five-phase system is
equal to 3.3A which is 106% of the rated rms ripple current of the capacitor. It 1s
estimated that this current will raise the capacitor core temperature 25.8°C increasing
the capacitor’s absolute core temperature to 70.8°C which is less than rated temperature
(85°C). In the three-phase system the capacitor rms current ripple, 5.8A. is 71% of the
rated rms current ripple and the capacitor core temperature rise is estimated at 11.5°C
giving an absolute core temperature of 56.5°C. It is clear from the results that the
capacitor in the three-phase system has less power dissipation than the capacitor in the
five-phase system. These results agree with the results from simulation. However. the
five-phase system still captures more power from the wind turbine’s blade system and

delivers more dc output power.
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Figure 7.10. FEA simulation of the dc link capacitor current for the five-phase system,

with a single phase open-circuit failure. The dc link capacitor is 470pF.
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Figure 7.11. FEA simulation of the dc link capacitor current for the three-phase system.

with a single phase open-circuit failure. The dc link capacitor is 2200pF.

7.5.3 Dc link capacitor current with adjacent open-circuit phase failures

In this test phase-a and -b are open open-circuit and the generator speed is 1400rpm.
The dc link capacitor is 470uF. Figure 7.12 shows the dc link capacitor current
waveform. The fundamental frequency is 93.3Hz which is the same as the simulation
result. The dc link capacitor has rms current ripple of 4.8A which is significantly higher
than the capacitor rated rms current (3.1A). Under these circumstances, the core
temperature rise is estimated at 54°C and increases the absolute core temperature to

99°C. This will reduce lifetime. In this case, it is recommended to shutdown the system

or control the load as discussed in section 7.4.3.
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Figure 7.12. FEA simulation of the dc link capacitor current with adjacent open-circuit

phase failures. The dc link capacitor is 470puF.

7.5.4 Dc link Capacitor current with non-adjacent open-circuit phase failures

Figure 7.13 shows the dc link capacitor waveform when non-adjacent phases are open-
circuit (in this case phase-a and-c). The speed and dc link capacitor are the same as the
normal condition (1400rpm and 470uF). The dc link capacitor rms current ripple (4.3A)
agrees with the simulation results. Due to the increase in ripple current the capacitor
power dissipation is increased and the capacitor core temperature rise is estimated to be
41°C giving an absolute core temperature of 86°C which is just above the rated
operating temperature. The system would operate continuously but the lifetime would
be expected to be reduced. The situation is not as severe as the adjacent phase failure

condition.
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Figure 7.13. FEA simulation of the dc link capacitor current with non-adjacent open-

circuit phase failures. The dc link capacitor is 470uF.

7.5.5 Summary of FEA simulation

Table 7.4 summarises the FEA results. It is observed from the results that in the normal
condition the dc link capacitor for the two systems works without excessive stress. With
a single phase failure, the three-phase capacitor operates without exceeding rated rms
current. However, the five-phase capacitor has an rms ripple current that is
approximately 106% of the rated current. However, the capacitor core temperature is
estimated to be lower than the rated temperature. For adjacent and non-adjacent failures
in the five-phase system the rms current is significantly higher than the capacitor rated
current. It is clear that in terms of capacitor rms current, the three-phase system operates
within manufacturer’s ratings. However, this is not the case for the five-phase system
with the lower value of capacitance under single phase open circuit and two phase open
circuit failures. The results from FEA confirm the results from the simulation. It the
load was controlled when failure occurs. the capacitor in the five-phase system could

operate within design specification and the system can capture and deliver more power

compared to the three-phase system.
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Table 7.4. FEA simulation of the dc link capacitor current for the three- and five-phase

systems
Three-phase Five-phase
Capacitor ripple current Capacitor ripple current
rms ripple | Relativeto | rms ripple I Relative to
current (A) rated rms current | rated rms
Normal condition 1 0.11 0.44 | 0.11
Single phase open-circuit 5.8 0.7 3.3 | 1.1
Two adjacent open circuit - - 4.8 1.5
Two non-adjacent open circuit - - 4.2 | 1.4

7.6 Experimental evaluation

To assess the simulation and FEA results, a set of experimental tests are carried out
using the fabricated generator. The generator speed is set to 1400rpm for both systems

at full load (10Q) with 470uF dc link capacitor for the five-phase system and 2200pF
for the three-phase system.

7.6.1 Dc link capacitor rms current under normal conditions.

Figures 7.14 and 7.15 show the dc link capacitor current waveforms for the five- and
three-phase systems respectively. From figure 7.14 the dc link capacitor current in the
five-phase system has an rms current ripple of 0.5A which is 0.16 of the capacitor rated
ripple current, 3.1A. The dc link capacitor current in the three-phase system (0.9A) 1s
0.1 of the rated rms ripple current (8.4A). The results correlate with that from the

simulation and FEA.
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Figure 7.14. Measured dc link capacitor current for the five-phase system. The dc link
capacitor is 470uF.
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Figure 7.15. Measured dc link capacitor current for the three-phase system. The dc link
capacitor is 2200pF.

7.6.2 Dc link capacitor current with a single phase open-circuit failure

This test is carried out for both five- and three-phase systems with phase-a open-circuit.
Figures 7.16 and 7.17 show the waveforms of the dc link capacitor current for the five-
and three-phase systems respectively. The capacitor rms current ripple in the five-phase
system is 3.1A which equals the rated rms ripple current of the capacitor. The rms

capacitor current in the five-phase system will raise the capacitor core temperature by
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22.8°C (Table D5) and with an ambient temperature 45°C the absolute core temperature
is 67.8°C which is less than capacitor rated temperature (85°C). The three-phase
capacitor is works safely with an rms current ripple (5.7A) which is lower than the rated
current of the capacitor (8.2A). The capacitor core temperature rise in the three-phase
system is 11.5°C giving an absolute core temperature of 56.5°C which is less than the
five-phase system. This leads to an increase the capacitor lifetime in the three-phase

system compared to the five-phase system. The results from the five- and three- phase

system correlate well with simulation and FEA results.
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Figure 7.16. Measured dc link capacitor current for the five-phase system with a single

phase open-circuit failure. The dc link capacitor is 470uF
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Figure 7.17. Measured dc link capacitor current for the three-phase system with a single
phase open-circuit failure. The dc link capacitor is 2200pF.
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7.6.3 Dc link capacitor current with adjacent open-circuit phase failures

Adjacent phases, phase-a and-b, are open-circuit in this test. The capacitor rms current
is expected to be more than the capacitor rated current as shown by FEA. The shaft
speed in this test is 1400rpm and the capacitor is 470uF. Figure 7.18 shows the
capacitor current waveform which agrees with FEA, Figure 7.12. The capacitor has an
rms current ripple equal to 4.3A. This value is high enough to raise the capacitor core
temperature by estimated 43.8°C giving an absolute core temperature of 88.8°C (Table
D5) and as a consequence the lifetime of the capacitor is reduced. With adjacent phase
open-circuit failures it is recommended to either increase the capacitor value (extra cost)

or control the maximum load power to a value that satisfies the maximum capacitor rms

current.
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Figure 7.18. Measured dc link capacitor current for five-phase system with adjacent
open-circuit phase failures. The dc link capacitor is 470pF.

7.6.4 Dc link capacitor current with non-adjacent open-circuit phase failures

Figure 7.19 shows the waveform of the dc link capacitor current in the five-phase
system when two non-adjacent phases are open circuit (phase-a and-c). The capacitor
rms current (3.9A) is a factor of 1.25 of the capacitor’s rated rms current. This

generates 4.4W of losses in the capacitor which will raise the core capacitor temperature
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by estimated 36°C giving an absolute core temperature of 81°C. This temperature is less
than rated capacitor temperature (85°C). The impact on lifetime is not as great as
adjacent phase open-circuit failures but is worse than that for normal conditions or a
single phase failure. However, the results from both experimental and FEA show the

condition is less extreme than the adjacent phase failure conditions. The impact on

capacitor lifetime is not as serious.
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Figure 7.19. Measured dc link capacitor current with non-adjacent open-circuit phase

failures. The dc link capacitor is 470uF

7.6.5 Summary of experimental results

Table 7.5 summarises the experimental results. Many remarks can be made from the
results:

e The capacitance in the five-phase system is only 0.21 of the three-phase system.
Under normal conditions the dc link capacitor for the two systems has the same core
temperature.

e With a single phase failure, the capacitor core temperature in the five-phase system
s estimated to increase by 22.8°C to 67.8°C which is less than capacitor rated

temperature but higher than the absolute core temperature estimated in the three-

phase system, 56°C.
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e With two adjacent phase failures, the capacitor absolute core temperature, 88.8°C,

is higher than rated temperature, 85°C, but less than maximum temperature 105°C.

The capacitor will function but with reduced lifetime.

e With two non-adjacent failures, the capacitor absolute core temperature rises to

81°C which is less than rated temperature and also less than that with adjacent phase

failure. The capacitor is expected to be able function continuously.

o The FEA simulation is validated by experimental values.

Table 7.5. Summary of measured dc link capacitor current for the three- and five-phase

systems

Three-phase

Five-phase

Capacitor ripple current

Capacitor ripple current

rms ripple | relative to rms ripple relative to

current (A) | rated rms current (A) rated rms
Normal condition 0.9 0.1 0.5 0.16
Single phase open-circuit 5.7 0.7 3.1 1
Two adjacent open circuit - - 4.3 1.4
Two non-adjacent open circuit - - 3.9 1.3

7.7 Summary

In this chapter, the rms current in the dc link capacitor is discussed for the five-phase

and three-phase permanent magnet generator connected to a diode bridge rectifier. The

current is evaluated using simulation, FEA and practical tests. The performance is

presented for normal and failure modes.

Under normal conditions the rms current in the five- and three-phase system is much

smaller compared to the capacitor rated current (factor of 0.13 and 0.1 for the five- and

three-phase system respectively). However, the capacitance in the five-phase system is
much less than the three-phase system. It is estimated that the capacitor’s absolute core
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temperature for both systems have similar values (45.6°C and 45.3°C for the five- and
three-phase system respectively).

With a single phase open-circuit failure, the capacitor in the five-phase system is
estimated to have a higher core temperature compared to the capacitor in the three-

phase system. In both systems the capacitor core temperature does not exceed the

capacitor’s rated temperature.

With adjacent and non-adjacent phase failure in the five-phase system the rated rms
current of the capacitor is exceeded. With adjacent phase failures, the increase in rms
current causes the estimated to raise the capacitor core temperature above its rated value
leading to a reduction in the lifetime of the capacitor. In the case of non-adjacent failure

the core temperature is estimated to be lower than the rated temperature.

Experimental tests are carried out to verify the FEA. The results show a good
correlation between the FEA and experimental tests in terms of rms values and

waveforms.

The key outcome is that whilst a five-phase system has superior tolerance to open-
circuit phase failures, the increased power that can be delivered during failure imposes a
more extreme operating condition for the dc link capacitor. Care must therefore be
exercised when specifying dc link capacitor in five-phase systems that may be expected
to operate with one or more phase failures. Specifically, this may require an increase in

the link capacitance or the selection of a capacitor with a higher rated ripple current.
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Chapter 8

Conclusions

8.1 General conclusion

A three-phase permanent magnet generator connected to a diode bridge rectifier is a
popular solution for small wind turbines. The generator shaft torque in the three-phase
system displays a high peak-to-peak torque ripple when a dc link capacitor is used and
requires mitigating techniques to reduce this ripple. A five-phase permanent magnet
generator operated with a diode bridge rectifier is shown to have reduced shaft torque
ripple and output dc voltage ripple. Multi-phase generators connected to diode bridge
rectifiers have not been the subject of research to ascertain the advantages of multi-
phase technology and disadvantages. This research investigates, discusses and compares
the performance of a three- and five-phase permanent magnet generator connected to a
diode bridge rectifier under normal and failure conditions. The five-phase system shows
improved performance compared to the three-phase system under normal conditions and
under open-circuit phase failures in terms of generator shaft torque and power delivered
to the load. However, the increased power that can be delivered during failure imposes a

more extreme operating condition on the dc link capacitor in the five-phase system.

A simulation model using pulse functions for the five- and three-phase PM generator
connected to a diode bridge rectifier is developed in chapter 3. The effect of self- and
mutual inductance of the generator is discussed. It is shown that the self- and mutual-
inductance have a significant effect on the simulated performance of both systems by
reducing the generator shaft torque ripple. In the five-phase system, including the self-
inductance reduces the generator shaft torque ripple by approximately 4 times compared
to without inductance. In the three-phase system the reduction is 2.7 times. With self-
and mutual inductance modelled, the reduction in shaft torque ripple in the five-phase
system is approximately 12 times compared to without inductance. In the three-phase

the reduction is only 3.4 times. Therefore the research demonstrates the importance of
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including both the self- and mutual inductance during the simulation and analysis of
torque ripple.

In chapter 4, the three-phase and five-phase permanent magnet generators are designed.
Linear design is performed using the PM magnetisation curve and simple analytical
methods. Winding configurations for both generators are proposed to give the same
rectified output dc voltage and power. Finite element analysis (FEA) is used to confirm
the linear design. Two designs are analysed using FEA; the proposed design (without
mounting holes in the stator stack) and the practical design (with the mounting holes in

the stator stack). The cogging torque and back emf is assessed using FEA.

In chapter 5, the performance of the prototype five-phase and three-phase permanent
magnet generators connected to diode bridge rectifiers are evaluated using FEA and
practical tests. Two designs (the proposed design and the practical design) are modelled
using FEA to evaluate performance of the proposed design. The proposed design shows
that the five-phase generator has lower shaft peak-to-peak torque ripple (0.7Nm)
compared to the three-phase generator (1.6Nm). In addition, the five-phase system has
output dc voltage ripple 16% lower than the three-phase system. It was shown that the
five-phase system can use a lower value of capacitance for the same output voltage
ripple. In this case, 470uF compared to 2200puF for the three-phase system. Also it is
found that the five-phase system requires diodes with lower current ratings compared to
the three-phase system (45% lower). The experimental tests are performed using the
practical design. Due to the distorted phase back EMF in the five-phase system, the
comparison of the practical design do not compare well with the FEA or simulation
results of the proposed design. Hence comparison is made over a restricted period of the
electrical cycle where the non-adjacent line voltages are not affected in the five-phase
system. This shows that the five-phase system has better performance in terms of shaft
torque ripple (0.9Nm) compared to the three-phase system (1.5Nm) for the same output
dc voltage and power. The results show that the three-phase system has a total losses
(113W) higher than the five-phase system (97W) under normal conditions.
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In chapter 6, the operation of the five-phase and the three-phase permanent magnet
generator feeding a diode bridge rectifier under open-circuit phase failures in the
generator is assessed and discussed. Also, the operation of five-phase system with
adjacent and non-adjacent open-circuit phase failures is investigated. The results show
that the five-phase system has advantages over three-phase system with a single open-
circuit phase failure in terms of generator torque ripple and efficiency. The non-adjacent
failure mode produces less extreme operating condition compared to adjacent phase
failure mode, particularly in terms of torque ripple and voltage ripple. However, with
non-adjacent phase failure the total losses (125W) are higher than the total losses with
adjacent phase failure (101.7W). It is also shown that in both modes. the efficiency is
higher than with the three-phase single phase failure and the power output is higher.

In chapter 7, the rms current in the dc link capacitor is investigated for the five-phase
and three-phase permanent magnet generator connected to a diode bridge rectifier. The
current is evaluated using simulation, FEA and practical tests. The performance is
presented for normal and failure modes. It is shown that whilst a five-phase system has
improved output power during an open-circuit phase failure, the increased power that
can be delivered during a failure imposes a more extreme operating condition for the dc¢
link capacitor particularly the adjacent open-circuit failure mode. This imposes a design
constraint on the dc link capacitor. The rms ripple current rating of the capacitor now
determines the capacitance rather than the dc voltage ripple if operation during open-

circuit failures is a requirement of the system.

The five-phase system can be used in small- and medium-scale wind turbines, aerospace

applications including unmanned autonomous vehicles, Ground-based vehicles and

Micro-CHP applications.

8.2 Main contributions of this thesis

The scientific contribution of this thesis can be summarised as follows:
o A general model for the five-phase permanent magnet with diode rectifier is

developed. The developed model includes the generator parameters specifically the

187



self- and mutual-inductance. The developed models are compared with PSpice
simulation and show good correlation. The developed model helps describe how the
generator performs with a diode bridge rectifier and also shows the importance of
modelling generator inductance and the significant effect that mutual inductance has
on the performance of the five-phase system.

e The design of a prototype five-phase permanent magnet generator is detailed. The
stator is designed with 30 slots such that it can be wound as a three-phase generator
or five-phase generator. The rotor has 4 poles for both systems. The winding in both
generators is arranged to give the same output dc voltage providing a platform for a
fair comparison between the two systems.

e A comparison is provided between the performance of the prototype five- and three-
phase permanent magnet generators feeding diode bridge rectifiers with the same dc
output power, voltage and volume. The comparison is performed for shaft torque
and power and output dc voltage and output power. In addition, a comparison of
rms current of the dc link capacitor is made.

e The performance of five-phase permanent magnet generator systems under open-
circuit failure (one and two phase failures) is assessed and compared with the three-
phase counterpart.

e An assessment of the rms current requirements of the dc link capacitor is made
under normal conditions and with single, adjacent and non-adjacent open-circuit
phase failures. This is carried out for both three- and five-phase counterparts and a

comparison made.

8.3 Further research

The comparison between the three- and five-phase systems is demonstrated for fixed
speed and load. But the operation of the generator with an aerodynamic prime-mover
and variable speed input requires more investigation, particularly under open-circuit
phase failures. Under open-circuit phase failures the reduction in output power from the
generator will lead to an increase in the shaft speed as a result of the wind turbine power
curve characteristics. Research is required into how the system reacts and what stresses

may occur in the system, particularly electrical stresses in the generator and rectifier.
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Further, if some form of maximum power point tracker is being used, the system reacts
as the tracker attempts to recover the maximum power point (which is determined by
the aecrodynamic efficiency). The performance of the three- and five-phase system may

be significantly different in this respect and requires further investigation.

Other further research includes the performance of the three- and five-phase systems
when one or two diodes fail open-circuit. Under such circumstances the performance
during such failures will be different to that experienced during phase open-circuit

failures. Similar analysis to that in this thesis is required.

It would also be useful to make practical torque measurements on the system to
determine true values of shaft torque rather than the estimated values provided in this

thesis.

In this thesis the performance of the five-phase permanent magnet generator is
investigated under steady-state conditions. However, one key aspect would to study the
system under transient operation during the failure. A transient model may need to be
developed, including the electromechanical system (permanent magnet generator and
diode rectifier) and the aerodynamic system. Also it is important to study the impact

that a transient aerodynamic system has on the performance of the electrical system
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Appendix A
Al. Possible circuite for 3- and S-phase system

The circuits represents the twelve perieds that generate by the twelve pulses shown in

figure 3.15. S1 to S12 represent the twelve pulses.
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The circuits represents the twenty periods that generate by the twenty

figure 3.20. S1 to S20 represent the twelve pulses.
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A2. Matrices representing 3- and S-phase systems

Differential equations representing the twelve periods shown in figure 3.13 for the

three-phase system include the output voltage equation.
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Differential equations representing the twenty periods shown in figure 3.20 for the five-

phase system include the output voltage equation.
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Appendix B

B1. Possible slot/Pole combinations for 3- and S- phase machines

Table B.1 Possible Slot/Pole combinations for 3-phase PM machines
Slots [3]16] 9 |12]15]|18|21(24]27]30]33[36[39]|42]45]48

Poles[2]2] 2] 22T 2T 2T2T2T2T212T2]2[2712
alafalalalalalalalalalalals]a]4

6| 8l10]6[8]8]6[8]8][6]8]8]6]s8

8 [10 8 [14[10] 8 [10]10] 8 [10[10] 8 ] 10

12]18 12[16]16]10[20] 14110 14 14] 10] 14

14 20112122120 12]16[16]12]16
16 18126]122]114]26]26]14] 20
20 26116 28] 28] 16|32
22 2812213213220 34

24 24| 34]34]28] 38
26 30| 40

28 32

30 34

32 38

40

Table B.2 Possible Slot/Pole combinations for 5-phase PM machines
Slots | 5| 10| 15]20]25[30{35{40]45

Poles|2| 222|222 2]2
41414141441 4]4]|4
6le6|l6|l6|]6|]6]6]6
8112181 8| 88| 8] 8

121101212} 12]12
14]116[18]14]14] 14
16118]22]22]16f 16
20124(24)124| 18
22126[26]26| 28
28 [ 28| 32
32134
34136




B2. Carter’s coefficient

Carter’s coefficient is an approximation factor to determine the air gap permeance in the

presence of slotting. The permeance can be written as
Po=p,A4/g, (B.1)
where g. is an effective air gap length given by g, = K g, where K, is Carter's

coefficient which is described by

- -1

Kolt-Wp N Bpplpe P (B.2)

where w; slot width 7 is stator slot pitch, /,, is the machine effective length. g, is recoil
permeability of the magnet and g is air gap length. In the prototype machine, using the

slot dimensions in chapter 4 giving K= 1.2



B3. Winding configuration

1. Five phase winding configuration showing the distribution of the phase coils in the

stator slots.
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2. Three phase winding configuration showing the distribution of the phase coils in the

stator slots.
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Appendix C
Permanent magnet motor performance

Permanent magnet motor performance produced by LEMAC Company is shown below

% LEMAC TEST NOMBER:

bop
DX
DC MOTOR PERFORMANCE TEST
] |Date: [22/02/2008 |
. |Strathclyde University | Tested By: [R.HADDEN
|5 Phase Rig =

1
1.00 2298 9.40 338.4 240.6 71.1
3.00 1903 27.00 972.0 597.8 61.5
4.50 1622 37.50 1350.0 764.2 56.6
6.00 1434 54.00 1944.0 901.1 46.4
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B 100 &
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Appendix D

Capacitor core temperature calculation

Application notes from BHC Components are used to calculate the capacitor core

temperature. The steps to calculate the capacitor temperature are detailed below.

[1] The power loss is calculated using

P_=I"_ R (D1)
where I.,ns is the rms value(ripple current) of the capacitor current and Rgsg is the

equivalent series resistance of the capacitor

For the five-phase system the capacitor is 470uF and for the three-phase system it is
2200uF. From the data sheet the Rgsg equals 0.286Q for the 470uF capacitor and
0.073Q for the 2200uF capacitor at frequencies 100Hz.

[2] The capacitor thermal resistance (Ry,) is founded by using Table D7 with airflow
rate of 2m/s. This gives 8.29°C/W and 4.7°C/W for the 470uF and 2200uF capacitors

respectively.
[3] The core temperature rise is calculated using

T, = Ry, x Fyp (D2)
[4] The core temperature is calculated using
I =T +1, (D3)
where T, is ambient temperature in this case is assumed to be 45°C (maximum working

room temperature)



Calculation

The calculations of the capacitor core temperature for the 470pF and 2200uF capacitors

are shown in Tables D1 to D6 for the five- and three- phase system for the normal

condition and failure condition. Tables Dland D2 show the estimated from the

simulation results, Tables D3 and D4 show the estimated from FEA results and Tables

D5 and D6 show the estimated from the experimental results. The capacitors are chosen

from BHC Component’s ALS30 series with rated dc voltage of 200V. The ambient

temperature is chosen to be 45°C. The value of the equivalent series resistance, Resg, 1s

given by the manufacturer specifications and the power loss is calculated using (7.3).

Table D1. Estimated five-phase dc link capacitor core temperature from the simulation

results.
Five-phase
Normal case | Single phase Adjacent Non-adjacent
failure phase failure | phase failure
Capacitor rms current (A) 0.22 34 49 4.3
Ambient temperature (°C) 45°C 45°C 45°C 45°C
Resr () 0.286 0.286 0.286 0.286
Capacitor thermal resistance (°C/W) 8.29 8.29 8.29 8.29
Power loss (W) 0.014 3.3 6.7 5.2
Core temperature rise (°C) 0.11 274 55.5 43.8
Core temperature (°C) 45.1 724 100.5 88.8

Table D2. Estimated three-phase dc link capacitor core temperature from the simulation

results.
Three-phase
Normal case Single phase failure

Capacitor rms current (A) 1.1 7
Ambient temperature (°C) 45°C 45°C

Resz (©) 0.073 0.073
Capacitor thermal resistance (°C/W) 4.7 4.7

Power loss (W) 0.08 3.6

Core temperature rise (°C) 04 17

Core temperature (°C) 454 62
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Table D3. Estimated five-phase dc link capacitor core temperature using FEA results.

Five-phase
Normal case | Single phase Adjacent Non-adjacent
failure phase failure | phase failure
Capacitor rms current (A) 0.4 33 4.8 42
Ambient temperature (°C) 45°C 45°C 45°C 45°C
Resr () 0.286 0.286 0.286 0.286
Capacitor thermal resistance (°C/W) 8.29 8.29 8.29 8.29
Power loss (W) 0.05 3.1 6.6 5.0
Core temperature rise (°C) 0.4 25.8 54 4]
Core temperature (°C) 45.4 70.8 99 86

Table D4. Estimated three-phase dc link capacitor core temperature using FEA results.

Three-phase
Normal case Single phase failure
Capacitor rms current (A) 1 5.8
Ambient temperature (°C) 45°C 45°C
Resz (Q) 0.073 0.073
Capacitor thermal resistance ("C/W) 4.7 4.7
Power loss (W) 0.07 2.5
Core temperature rise (°C) 0.3 11.5
Core temperature (°C) 453 56.5
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Table D5. Estimated five-phase dc link capacitor core temperature using experimental.

Five-phase
Normal case | Single phase Adjacent Non-adjacent
failure phase failure | phase failure
Capacitor rms current (A) 0.5 3.1 43 39
Ambient temperature (°C) 45°C 45°C 45°C 45°C
Rgsg (2) 0.286 0.286 0.286 0.286
Capacitor thermal resistance (°C/W) 8.29 8.29 8.29 8.29
Power loss (W) 0.07 2.7 52 44
Core temperature rise (°C) 45.6 22.8 43.8 36
Core temperature (°C) 45.6 67.8 88.8 81

Table D6. Estimated three-phase dc link capacitor core temperature using experimental.

Three-phase
Normal case Single phase failure
Capacitor rms current (A) 0.9 5.7
Ambient temperature (°C) 45°C 45°C
Resz (Q) 0.073 0.073
Capacitor thermal resistance (°C/W) 47 4.7
Power loss (W) 0.06 24
Core temperature rise (°C) 0.3 11
Core temperature (°C) 453 56
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Table D7. Thermal resistance value for ALS series, from BHC product.

| Thermal resistance values for ALS (screw terminal) products, no heat sink.

|Dia [Len Thermal resistance values Rha °C/W

mm mm <ims [1.0mis 1.5mis [20m/s |25 m/s [3.0 /s [3.5 Vs [4.0 m/s [4.5 mss [SO nvs
% |49 112 991 923 868 827 (79 [768 175 [739 T m
36 |52 107|047 882 (829 [790 1760 1735 717 706 1701
% 62 [0.57 [8.47 [789 [742 706 6.79 657 641 632 627
3% |75 853 [7.55 [703  |661 630 |6.06 1586 572 563 [559
36 |82 842 [7.19 669 [629 [599 577 |556 |544 536 [532
36 105 [7.00 1627 584 549 523 508 [4.87 1475 1468 (464
% 115 [6.77 1509 558 [525 500 |4.81 [4.65 454 447 443
51 B2 |7.56 660 623|586 [558 537 [5.19 [5.07 499 1495
51 75 6.5 |5.75 |536 504 |480 |4.62 |447 |436 |429 426
51 82 1606 [5.36 |499 470 447 |a.30 [4.16 |4.06 400 [3.97
51 105|500 1450 419 394 1376 1361 350 1341 336 (333
51 116|479 1424 395 371 354 340 320 321 316 [3.14
51 140 |83 381 1354 [333 347 |3.05 |295 |288 284 |282
66 |67 |52 _ [460 428 [403 [384 360 357 [3.48 [343 |341
66 75 [4.75 (420 391 368 351 337 [3.26 3.8 [3.44 3.1
66 82 a4 [3.80 363 1341 325 342 [3.02 295 290 |288
6 o8 [3.84 340 [3.16 298 283 [2.73 |2.64 1257 253 |25
66 105  [3.64 [3.22 300 282 269 258 [2.50 [2.44 240 [2.38
66 115 |34 |3.01 280 264 251 241|238 228|224 223
66 140 |3 266 247 233 221 213 206 _[201 198 [1.07
73 115 297 263  [245 1230 219 241204 _|1.99 196 |1.95
77 67 |43 381 354 [333 [317 [306 295 288 [284 [282
77 75 304 349 325 |305 [291 [2.860 [2.71 264|260 [2.58
77 82 |3.66  |3.23 301 283 [260 [2.60 [251 [2.45 [241  [2.39
88 316 280 260 |245 [233 [2.24 217 [2.42  [2.09 _ [2.07
77 1053 266 247 233 21 1213 1206 1201 [198 1197
7 15 1276 1247 1230|216 206 198 |12 [1.87 184 183
7 140 238 1241 196 1184 176 1.6 |1.64 159 [1.57 [1.56
77 146 220 1203 180 177 169 |1.63 [1.67 [1.53 [151 |1.50
7 180 119 168 157 1147 140 [1.35 [1.31 _[1.27 (125 |24
7220 |14 1124 1145 (100 [1.03 (099 [0.96 (004 (092 (002
91 67 |35 310 [288 271 __[256  [240 [240 [2.35 231 |29
91 75 132 1283 |264 248 236 227|220 _[2.14__[2.11 _ [2.10
o1 96 1255 226 240 198 [188 [1.81 _ [1.75 171|168 [167
91 1461185 164 152 A3 137 [131 127 [1.2a [122 [121
91 @ 155 137 128 [120 [114 110|106 [1.04 [102 [102
91 >0 112 1086 09 (093 [089 _J0.85_ J0.82 [0.80 079 [0.79
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Appendix E

Overall experimental system layout

Figure E1. Picture of the experiment showing (A) the dc motor (B) the three-phase
prototype generator (C) the diode bridge rectifier, and (D) the stator of the

five-phase prototype generator.
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