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Fig. 3.33. Camry 50 kKW continuous duration vs. speed with 35°C coolant.
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Fig. 3.34. Camry 50 kW continuous duration vs. speed with 65°C coolant.

The previous graphs provided a clear indication of the influence of speed and coolant temperature upon
duration capabilities. To provide a more clear assessment of the impact of stator temperature limitations
and coolant temperature upon duration capability, duration time is plotted versus the stator temperature

limit in Fig. 3.35 for operations at 3000 rpm. Each trace represents a particular power level and coolant

temperature combination. In studying the figure, it is evident that coolant temperature does not affect

operation duration greatly at 33.5 kW, yet coolant temperature greatly affects operation duration at a
power level of 25 kW.
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Fig. 3.35. Camry continuous duration at 3000 rpm with various power levels and coolant temperatures.

Characteristics similar to what are observed in Fig. 3.35 are observed in Fig. 3.36 where duration time is
plotted versus stator temperature limit at 5000 rpm for various power and coolant temperature
combinations. As the power level increases, the impact of coolant temperature upon duration decreases.

For tests wherein thermal steady state was nearly reached, the curves approach a vertical asymptote which
is located at the steady state stator temperature.
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Fig. 3.36. Camry continuous duration at 5000 rpm with various power levels and coolant temperatures.
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A graph of duration versus stator temperature limit at 7000 rpm with various power and coolant
temperature combinations is shown in Fig. 3.37. Again, with increasing power, coolant temperature has a
decreasing effect upon the duration of motor operation under these conditions. Note that all power-
coolant temperature combinations and color correlations do not remain the same among Figs. 3.35, 3.36,
and 3.37. A comparison of these figures indicates that coolant temperature has a greater impact upon the
duration of operation at higher speeds. For example, the duration of operation is influenced more by
coolant temperature at 7000 rpm and 25 kW than it is for 25 kW power levels at 3000 rpm and 5000 rpm.

45 T T T T T
: : : —4— 25KW & 35°C Coolant
—8—25k\W & 65°C Coolant |
33.5kW & 35°C Coolant
—+— 33 5K\ & 65°C Coolant
—&—50KW & 35°C Coolant -—
—+—50KW & 65°C Coolant

40

35

Time (minutes)

90 100 110 120 130 140 150
Stator Temperature Limit (°C)

Fig. 3.37. Camry continuous duration at 7000 rpm with various power levels and coolant temperatures.

Note that in some of the tests in which lower coolant temperatures were used, the duration of operation
was longer than that of a lower power level with a higher coolant level. This occurred because system
temperatures were allowed to stabilize at each coolant temperature. For example, the duration of the

33.5 kW and 35°C coolant temperature test condition is longer than that with the 25 kW and 65°C coolant
temperature test conditions if the stator temperature limitation is set at a low temperature. However, if the
stator temperature limitation is set at a high level, the motor can operate longer at the 25 kW and 65°C
coolant temperature test condition. Thus, with 33.5 kW operation and a 35°C coolant temperature, the
entire system begins at a cooler temperature, yet the entire system temperature increases more quickly and
eventually becomes hotter than if the system were operating at 25 kW operation with 65°C, even though
the system begins at a higher temperature (65°C).

It is clear that defining the continuous operation capability of a motor depends on many variables, which
even includes the definition of continuous operation. For example, continuous operation could be defined
to be operation at a particular power level for an infinite amount of time, or a particular time restraint
could be included in the definition. For some HEV applications, it is crucial that the motor is capable of
operating continuously within particular power levels. For example, the Camry hybrid system requires
torque from the motor and generator for the engine to supply power to the drive wheels. Many aspects
must be considered for these conditions, and if properly designed, the volume and mass of the electric
drive system can be optimized to match the demands of the system.
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4. SUMMARY AND CONCLUSIONS

The 2007 Camry HEV subsystem assemblies were physically evaluated and comprehensively tested in
the laboratory to fully assess their performance, efficiency, design, and packaging characteristics. The
laboratory evaluations included back-emf, rotational loss, locked rotor, efficiency mapping, and extended-
duration load tests. Overall, the Camry motor outperformed the Prius motor in terms of efficiency and
equivalent torque and power, while the mass and volume of the system decreased significantly. Increased
operation speed of the motor is the primary factor which provides the enhanced characteristics of the
hybrid system. Additionally, the improved packaging and trench gate structure used in the PCU IGBTs
led to a higher power density of the PCU components. The Camry inverter efficiencies are slightly lower
than those of the Prius, yet the combined motor and inverter efficiencies of the Camry are still higher,
especially for the low speed, high torque operation region. The lower motor efficiencies of the Prius have
a much higher impact on the combined motor and inverter efficiencies than the impact of the slightly
lower efficiencies of the Camry inverter.

Evaluations illustrate the benefits of moving to a high speed motor through improved packaging, higher
efficiencies, increased performance, and improved continuous operation test results. Motor efficiencies
are above 90% for a great portion of the operation range. Low speed efficiencies of the Camry are much
higher than those of the Prius, which is particularly noticeable when the speed reduction gear ratio of 2.47
is applied to the efficiency map, and therefore the resulting torque is increased significantly. The peak
power of the primary Camry motor is about 70 kW at 5000 rpm, which is much lower that the published
rating of 105 kW. There are no specifications published for the generator and the published power rating
may be for both the motor and generator. Simulations of this motor and a comparison of specific power
characteristics with other high speed motors also suggest that the power rating is near 70 kW.

Continuous duration varies significantly with speed, specified stator temperature limit, and coolant
temperature. A power level of 33.5 kW was maintained at 5000 rpm for about 30 minutes with 65°C
coolant, at which a stator temperature of 140°C was reached. There is no standard for establishing
continuous or peak power rating specifications for motors designed for HEV applications such as the
hybrid Camry and Prius motors. For example, the Camry PMSM is able to sustain a power level of 50 kW
at 5000 rpm for about 13 minutes with a stator temperature limit of 135°C and coolant temperature of
35°C; however, the duration is only about 8 minutes if a coolant temperature of 65°C is applied. In
addition to the unexpectedly low motor power rating, this highlights a very important reason for
performing benchmarking tests on HEV subsystems — current technology must be verified objectively
under consistent operating parameters before the results are used by the FCVT program and researchers.
The influence of HEV specifications on technical goals and program planning would be drastically
different if unclear published specifications of HEV systems were used as a baseline.

Among the vast amount of information obtained during benchmarking efforts, the significant findings are
summarized in Table 4.1. Some of the information obtained from the Prius and Camry benchmarking
studies has been and will be used by researchers to improve/verify analytical models. As a next step in the
benchmarking efforts at ORNL, focus will be placed on an HEV system with improved power
capabilities. These efforts are expected to be performed in FY2008 and will focus on the Lexus LS 600h
hybrid subsystems, which are expected to include significant design improvements. Technological
advances which facilitate higher power capability, power density, specific power, efficiency, and cost
effectiveness of HEV components are essential as HEVs become increasingly dependant upon the
electrical portion of the drive system and as the electric vehicle (EV) and HEV market continues to
expand in the future.
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Table 4.1. 2007 Camry/2004 Prius design comparison highlights

Parameter Camry Prius Comments
Transaxle
Published Camry power rating
Motor power rating. 70 kW 50 kW is likely a combination of motor
and generator ratings.
Motor lamination stack length. 6.07 cm (2.39") 8.40 cm (3.3") Reduced by 2.33 cm (0.91").
Motor mass. 41.7kg 45.0 kg 7.3% reduction.
Motor volume. 148 L 154L 3.9% reduction.
Motor specific power. 1.68 kW/kg 1.11 kW/kg Improved by a factor of 1.5.
Motor power density. 4.73 kW/L 325 kW/L Improved by a factor of 1.5.
Equivalent torque rating. 667 Nm 400 Nm Seiirsxégrg:aerziiitfiﬁ?atsﬁ) i:le)(.i
Motor speed rating. 14,000 rpm 6,000 rpm
Motor winding configuration. Parallel Series
Power split.
PCU
Nominal battery voltage. 2448V 201.6V Up o .20% higher during
operation.
Maximum dc-link voltage. 650 Vdc 500Vdc
Boost converter power rating. 30 kW 20 kW
Filter capacitor (battery level). 5;) ;)S\Lc;c, 6332\135’
Smoothing capacitor 750 Vdc, 600 Vdc,
(boosted level). 2098 uF 1,130 uF
Entire PCU mass. 17.86 kg 21.2kg 15.8% reduction.
Prius PCU includes 12V dc-dc
Entire PCU volume. 11.7L 17.8 L and compressor inverter, Camry
PCU does not.
Motor inverter mass. 7.5kg 8.8 kg 14.7% reduction.
Motor inverter volume. ~6 L 87L 31% reduction.
Motor inverter specific power. 9.3 kW/kg 5.7kW/kg Improved by a factor of 1.6.
Motor inverter power density. 11.7 kW/L 5.7 kW/L Improved by a factor of 2.1.
Boost converter mass. 6.6 kg 4.8 kg 37.5% increase.
Boost converter volume. 35L 5.1L 31.3% reduction.
Egv‘isetrconve”er specific 4.5kW/ kg 4.2 kW/kg Improved by 7%.
Boost converter power density. 8.6 kKW/L 3.9 kW/L Improved by a factor of 2.21.
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APPENDIX A: 2004 PRIUS POWER CONVERTER UNIT
PACKAGING ASSESSMENTS

2004 Prius Motor Inverter Mass and Volume Assessment

Total Volume of PCU casing is 17.8 L as depicted in Fig. A.1.

15cm >

R Depth=29.5 cm
-~ (z axis)

Estimated Volume of Inverter Lid = 6096 cm®

Mass = 21.17 Kg
(as depicted)

Volume (minus bus terminal/connector areas) = cap vol + mid vol + bottom vol
= 6096 cm®+8402cm®+3281cm®*=17,779cm®*=17.8 L

Fig. A.1. Volume of entire Prius PCU assembly.
Total volume of “inverter only” is 8.7 L and is derived as follows:

e Mid section volume is reduced by 55% after the exclusion of the volume associated with the
converter components, the generator portion of the inverter board (a 1/2 reduction), the generator

portion of the power module (a 1/3 reduction) and the corresponding portion of the cold plate (a 60%

reduction). See Fig. A.2 as an aid in visualization.
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Module

Voltage
Boost
Trans-
former

Fig. A.2. Empty inverter/converter housing showing cold plate surfaces.

e [tis also reduced by the deletion of the bottom compartment (unrelated circuitry).
e The lid and capacitor volume, although not optimized, is scaled by a factor of 1130 puF/(282 pF +
1130 uF) = 4/5 to account for the separation of the boost converter and inverter capacitors.

Total mass of PCU casing as depicted in Fig. A.1 is 21.2 kg.
Total mass of “inverter only” is 8.8 kg and is derived in a similar manner that volume was derived (80%

of capacitor mass, 45% of mid-section mass, and 0% of bottom section mass). The reduction of mid-
section mass is actually more severe than the “45%” suggests since the high-mass converter transformer
and converter power module were first fully excluded.

2004 Prius Bi-Directional Boost Converter Mass and Volume Assessment

The general circuit diagram for the converter is shown in Fig. A.3, showing that the converter topology is
that of a conventional bidirectional boost converter. The figure also supplies mass and volume figures of

the inductor and IPM.

Inverter

Boost
Conveter

PM

(k% (% DJJ:: DIJ]E

Inductor

- Mass = 2.57 kg

- Volume = 742 em?
Inductor

Intelligent Power
Module (IPM)

- Mass = 0.662 kg

- Volume = 375 cm®

- Total Silicon
=11.6cm

Oh £ Dne

200-500 VDC

Fig. A.3. General circuit schematic of the Prius inverter.
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During periods of maximum power demand from the driver, the converter provides up to ~20 kW to the
inverter/motor system and the vehicle generator supplies up to ~30 kW. This power split allows a
reduction in size of the high-cost HV battery and the converter, while the extent of fully electric operation
is compromised.

Excluding the cold plate, the volume and mass totals for the ~20 kW boost converter IPM and inductor
are ~1.12 L and 3.23 kg, respectively.

Volume calculation approach A: The volume of the cold plate under the 2 converter components
(including adjacent mounting holes) is 19 mm x 100 mm % 250 mm = 0.48 L. However, this approach
ignores the space enclosed by the converter portion of the casing.

Volume calculation approach B: It is more pertinent to consider the entire volume that includes the
cold plate, items mounted on it, and surrounding space enclosed in the casing. This volume is 335 mm X
100 mm x 140 mm =4.7 L.

It is estimated that 15% of the casing mass is dedicated to the bidirectional converter. Since the casing
shell is 6.45 kg, the mass reduction is ~1 kg.

Capcitor: The entire capacitor volume is 1.8 L. The volume associated with the boost converter is
approximately 1.8 x 282 uF/(282 pF + 1130 pF) = 1.8/5 = 0.36 L. The capacitor mass is approximately
2.79 kg /5=0.56 kg.

Conclusions: Accounting for the inductor, IPM, casing, and capacitor the converter system volume is
5.1 L and the mass is 4.8 kg.
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APPENDIX B: PRIUS AND CAMRY CAPACITOR TEST RESULTS
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Fig. B.1. Prius single 141 pF capacitor from 1,130 pF module, capacitance vs. frequency.
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Fig. B.2. Prius single 141 pF capacitor from 1,130 pF module, ESR vs. frequency.
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Fig. B.3. Prius single 141 pF capacitor from 1,130 pF module, DF vs. frequency.
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Fig. B.4. Camry single 86 pF capacitor, capacitance, ESR, and DF vs. temperature at 10 kHz.
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Fig. B.5. Camry single 86 pF capacitor, capacitance, ESR, and DF vs. temperature at 25 kHz.
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Fig. B.6. Camry single 86 pF capacitor, capacitance, ESR, and DF vs. temperature at 30 kHz.
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Fig. B.7. Camry single 86 pF capacitor, capacitance, ESR, and DF vs. frequency at -40°C.
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Fig. B.8. Prius single 141 pF capacitor, capacitance, ESR, and DF vs. temperature at 1 kHz.
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Fig. B.9. Prius single 141 pF capacitor, capacitance, ESR, and DF vs. temperature at 5 kHz.
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APPENDIX C: 2004 PRIUS TRANSAXLE PACKAGING ASSESSMENTS
2004 Prius Motor Mass and Volume Assessment

The configuration of the motor rotor and stator are shown in Fig. C.1.

Fig. C.1. 2004 Prius motor rotor and stator.

Figure C.1 shows three views of the PMSM housing with selected dimensions called out. As indicated,
about 3/4™ of the casing houses the PMSM rotor and stator and the remainder encloses part of the
gearbox. The portion of the casing that houses the PMSM is roughly cylindrical and that is the geometry
used for the purposes of estimating the PMSM casing volume. Based on the average of 3 measurements
of casing diameter, the cylinder diameter can be assumed to be ~29.9 cm. The depth of the PMSM
housing extending from the end plate to the surface identified in the upper left photo in Fig. C.2 is

20.5 cm. This results in a volume of 14,400 cm® excluding the three-phase terminal block housing and the
cooling passages that protrude from the surface of the casing. Including all 3 volumes results in a total of
15,400 cm® (15.4 L). This volume and the 50 kW peak power specification result in a peak power density
of 3.25 kW/L.

The mass of the PMSM was determined in order to estimate the specific power. The masses of the
components of the Prius PMSM are:

Stator: 259 kg
Rotor: 10.2 kg
Case: 6.36 kg (machined — see below)
Case cover: 2.49kg
Total mass of motor: 44.95 kg

The casing for the PMSM has (1) a portion that encloses one end of the gear box, and (2) compartments
that enclose the gear-shift-lever-to-shift-plunger linkages. These areas are unrelated to the PMSM and
were therefore machined off of the structure to obtain a new 6.36 kg mass (the original casing mass was
13.9 kg). The resulting specific power for the PMSM is 1.11 kW/kg.
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Fig. C.2. Casing of the 2004 Prius PMSM with dimensions and volume calculations.
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