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Abstract
E-Circuit Motors (ECM) in collaboration with The Massachusetts Maritime Academy (MMA) developed a
detailed specification that documents the existing motor and system performance characteristics and identifies
potential areas of improvement for a 3hp air handler motor on board the MMA training ship, the TS Kennedy.
ECM can provide significant advantages in both cost and performance if the application is viewed as a complete
system. In addition to cost sharing the project with MARAD, it is MMA’s intent to utilize the oversight of The
American Bureau of Shipping (ABS), MMA faculty, and cadets.
The motor ECM designed and installed was a remarkable machine that was able to cut the motor envelope and
weight by almost two thirds. Both the ECM team and MMA learned a great deal with regards to shipboard power
and how an application like this can greatly benefit certain areas within the maritime industry. Although the
efficiency numbers were not what ECM was hoping for, better controllers and additional modifications to the
motor assembly would help reach the modelled performance.
The following report outlines both the data recorded from the shipboard tests and laboratory tests as well as
includes an analysis on why the results may have been the way they were. It is ECM’s hope that a second
iteration would be developed to improve upon the lessons learned and provide an even better solution than the one
already developed.
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Executive Summary
Project Summary
The goal for the project was to demonstrate ECM technology in a field application aboard the TS Kennedy as part
of a MARAD-funded META demonstration project. The design, installation and testing was completed between
September 2018 and April 2019. The demonstration project consisted of the replacement of an existing 3 HP motor
with a motor from ECM. This motor was driving a ventilation fan by way of a pulley system on the ship.
Findings
Motor efficiency
The prototype motor generally matched (within 1.5%) of the nameplate efficiency of the existing induction motor
of 89%. Further technical evaluation shows areas that need to be improved in the design and construction of the
ECM motor to achieve the theoretical efficiency of 91.5% (see Appendix A). It was also noted that this project was
a direct replacement of a pulley fan system and there is a potential to improve the overall system efficiency by
installing the ECM motor as a direct drive motor. This would improve the overall efficiency of the system using the
ECM motor.
Motor weight
The most significant advantage to the installation of ECM technology was the weight advantage as the replacement
motor weighed approximately 70% lighter than the original induction machine. This is significant, as ECM’s weight
savings potential could be applied across all similar motors on a vessel. These weights savings would ultimately
allow a vessel to carry more fuel or cargo for its particular voyage, or simply reduce the ships draft to lower drag
during regular operation. On smaller vessels such as fast ferries, the weight reduction may also reduce horsepower
requirements. The magnitude of weights savings will be proportional to the number of motors on the vessel.
A paper written by Hinrich Helms and Udo Lambrecht goes into more detail on the potential energy savings from
reducing weight in a variety of transportation specific vehicles with high-speed ferries being one of the vessels of
interest. (see appendix C)
Executive Summary Conclusion
Overall this was a successful demonstration project in that the ECM motor performed the intended function. The
motor design, installation and performance were reviewed by ABS (American Bureau of Shipping) and a statement
of maturity was issued (see Appendix B). Although the efficiency of the motor did not reach the theoretical
efficiency, it generally matched the existing motor efficiency. We were able to identify a few key areas that can be
improved in the design and construction of the ECM motor to approach the theoretical performance. Finally, the
motor weight savings of 70% per motor offers the opportunity to reduce the overall ship weight substantially.
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Abbreviations
ABB

Asea Brown Boveri

ABS

American Bureau of Shipping

CFD

Computational Fluid Dynamics

DUT

Device Under Test

ECM

E-Circuit Motors

FOD

Foreign Objects & Debris

kg

Kilo Gram

k-Gauss

Kilo Gauss

kW

Kilo Watt

LCR

Inductance Capacitance Resistance

MARAD

U.S. Maritime Administration

META

Maritime Environmental and Technical Assistance Program

MMA

Massachusetts Maritime Academy

N-m/A

Newton Meter per Ampere

N-m

Newton Meters

PCB

Printed Circuit Board

RPM

Revolutions per minute

VFD

Variable Frequency Drive

W-Hr

Watt Hours
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Initial Motor Comparisons
E-Circuit Motors – MMA24
3 Phase Axial Flux Permanent Magnet
Motor

RPM
1760

Torque
[N-m]
11.95

Modelled Motor Performance
kW In
kW Out
Efficiency

Volts

2.4

48.0

2.2

91.6

Weight
[kg]
12.57

Figure 01: Induction Motor and ECM Motor Overlay Screenshots
The initial motor comparison identifies several areas of potential improvement the ECM motor could provide with
the most obvious being the build envelope and weight. Even when adding the additional weight of the 90° motor
frame (8.22lbs approx.), ABB controller (6.6lbs approx.), and the inductors and encoder (2.0lbs approx.), the total
weight of the ECM system (44lbs approx.) was less than half the weight of the original induction motor. The other
attractive benefit of the ECM motor was the potential efficiency gain, albeit only 2%. This claim would be put to
the test however, since the modelled efficiency is not for the entire system (motor + controller) but instead just the
motor efficiency.
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Motor Installation

Figure 02: ECM Motor Installation Before and After
During the installation, the motor was integrated into the existing belt/pulley system with minimal changes to the
previous set-up. Some of these changes included drilling additional mounting holes for the controller and inductor
box as well as adjusting the pulley alignment. After seeing the install before and after, the space savings of the
ECM motor becomes apparent.
Although the scope of the work required ECM to provide a “drop in” replacement to the pre-existing induction
motor, the better solution would have been to integrate the ECM motor as a direct drive with the motor housing
being flush against the side of the fan shroud. This would allow the removal of the belts, pulleys, and frames to
further reduce the overall system weight, minimize the number of parts, and increase overall system efficiency.
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Shipboard Results and Discussion
For the shipboard data collection, a HOBO H21 smart data logger was used to record several variables relating to
both the ambient conditions as well as installed motor temperature and performance. The raw data retrieved from
the data logger can be seen plotted below in figure 03. There are four temperature measurements in blue, a
relative humidity measurement in green as well as a “pulse count” recorded by the watt node in black. This watt
node is of the 20amp, 480V, 3 Phase Delta (3D - 480) variety which has a pulse scaling factor of 1.1542
WHr/pulse as listed on page 25, table 6 of the WattNode® Pulse Installation and Operation Manual. (Continental
Control Systems LLC, 2011)

Figure 03: Data Logger Recorded Values from 2/22/2019 to 4/2/2019
The data logger recorded measurements every minute, including the number of pulses. Due to an unforeseen
glitch in the Watt Node installation, the pulse calculations before 3/21/2019 were deemed unusable and were
ignored in the analysis. After fixing the Watt Node and confirming the measurements were correct, the power use
of each installed motor was calculated which formed the basis of the shipboard motor performance analysis.
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Figure 04: ECM Motor vs. MMA Induction Motor Power Use During Operation Period
Figure 04 above illustrates the relatively constant power use of each motor over the course of a couple days. It is
important to note that these motors were not running at the same time, and instead had to be swapped out at the
conclusion of one motor’s test period. It appears the ECM motor was shut off for a couple hours before it
completed its fifth day of operation.
Initial observations would indicate a considerable efficiency increase by the ECM motor due to its lower power
use. However, this is not the case as further inspection revealed the ECM motor was not running at the same
operating point as the original induction motor. Confusion in the incorrect watt node readings provided the ECM
team with false operating point conditions which ultimately led to the selection of an inadequate motor controller
to provide the required power.
ECM would have liked to replace the controller with one that was adequate for all the performance tests, however
there were limitations to being able to accomplish this. The project concept was to purchase an existing, off the
shelf, compatible controller within the project timeline and with the allocated funds in that area of the project
scope. Due to the incorrect watt node readings, ECM ended up selecting their controller off a false operating
point. During the bench tests, the motor was able to easily achieve the false operating point condition with the
selected controller. However, upon realizing the operating point was different, order lead times for larger
controllers would be too long to receive it in time to perform the shipboard tests within the project timeline.
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Although the controller was not able to meet the power demand of the actual operating point, subsequent testing
with an adequate motor controller would be possible. This would of course require additional funding and a new
project plan with a clear indication on what the desired outcome should be.
Even with the inadequate motor controller limiting the conclusions that could be made from the project, further
analysis was conducted to get a better understanding of the potential motor performance if this wasn’t the case.
In order to gather more information on the ECM motor performance in the shipboard installation, a series of trials
were conducted at different RPM settings to see how the power use changed. This was possible for the ECM
motor due to the VFD controller. The same tests could not be conducted on the MMA induction motor as that is
set up for constant speed and it was outside the project scope to perform a similar test on that machine. The motor
speed was changed every 20 minutes in an attempt to reach both power and thermal equilibrium. Figure 05 below
shows a good illustration of the changes in power at each RPM setting with power equilibrium being achieved
within seconds as expected.

Figure 05: ECM Motor Power Use at Different RPM Ranges
After determining the RPM setting, the average power at each setting was recorded in table 01. Each RPM trial
“start/stop” point was excluded from the calculation to eliminate end point outliers.

One Gateway Center, Suite 359 - Newton, MA 02458

u

Phone: (617) 340-3241

u

info@e-circuitmotors.com

11
SOFTWARE & TECHNOLOGY

www.printstator.com

Motor Shaft
RPM
1350
1375
1400
1450
1475
1500
1525
1550
1575
1600

Average Power
Consumption (kW)
1.367
1.431
1.502
1.577
1.731
1.818
1.891
1.979
2.062
2.147

Figure 06 & Table 01: ECM Motor Shipboard Average kW Use @ Range of RPM vs. Original Induction
Motor Operating Point

Due to the initial Watt Node measurement glitch and utilizing a new motor controller in the installation, ECM was
limited to a 1600RPM shaft speed. This shaft speed was confirmed via the shaft mounted encoder. In order to
check whether this was the correct speed or not for a direct comparison, the data sheet for the induction machine
was referred to along with a direct measurement with a digital tachometer. The data sheet of the DHP0034
induction machine listed a synchronous speed of 1800RPM and an actual shaft speed of 1755RPM. The pulley
ratio was 1:1.167 and the tachometer measured “fan shaft speed” with the induction motor was 2050RPM,
yielding an actual shaft speed of 1757RPM, essentially exactly what the datasheet listed.
Clearly, the ECM motor was running over 150RPM less than the desired operating point. The motor controller
would reach its current limit and fault out if a higher RPM was requested. This ultimately limited the upper power
band even though that was what the ECM motor was designed to reach. This made a direct comparison
impossible.
A crude interpolation up to the 1755RPM operating point would yield a power consumption of 2.66kW for the
ECM motor. This would indicate a higher power consumption than the induction machine however this involves
several assumptions. Since the motor was designed for that exact operating point, in theory the efficiency would
be at its highest and thus the power consumption would not follow a linear trend as the speed is increased up to
this point. Perhaps more convincing results would be possible but for the time being, these assumptions on
theoretical motor performance will not be considered.
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Figure 07: ECM Motor Power Use with Temperature Readings from Motor and Inductors

The purpose of the graph in Figure 07 is to show if the motor/inductors reached thermal equilibrium after each
RPM change during the “RPM Time Trials”. Although the peak temperature conditions occurred at the end of
each increasing RPM test, a closer inspection of the actual temperature fluctuations indicate swings of only five
degrees or so with small gradients towards the end of each RPM test. This would indicate thermal equilibrium
was within a couple minutes of being reached.
The inductors are rated up to 230°F while the motor case exterior should not exceed 170°F. It is important to note
the motor was relying upon free convection to cool itself during the shipboard test. The front of the motor is
almost 10°F cooler than the back side of the motor due to the belts providing some air circulation on that side.
Although it is designed to cool itself via free convection at the 1755RPM operating point, a fan would virtually
eliminate any potential risk of the motor overheating and would ideally be implemented if a higher current
capable motor controller was used. Additionally, a more efficient controller would limit the losses going to the
motor and further reduce the temperature rise witnessed in the shipboard (and bench) tests.
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Laboratory Testing and Discussion
During the laboratory testing, several tests were completed to help characterize the motor and identify how
accurate the motor model was to the actual motor performance. Several of these tests include determining system,
controller and motor efficiency, verifying the motor constants, gauss measurements to check for flux leakage,
thermal tests and measuring additional windage/bearing losses.
As previously identified in the shipboard results, the controller selected for this project was undersized for what
the motor requirements were supposed to be at the operating point. Regardless, power consumption data for the
system was captured over the controller operating range (see figure 08 below). These numbers were overlaid
against the values recorded from the shipboard tests. If the numbers were substantially different, that would
indicate two things. Either one of the controllers was performing inadequately, or the supply power was slightly
different.

Lab and Shipboard "Power In" @ Design Load as a
Function of Speed
Power In [kW]

2.5
2
1.5
1
0.5
0
1200

1250

1300

1350

1400

1450

1500

1550

1600

1650

Speed [RPM]
Shipboard Power In

Lab Power In

Figure 08: Lab and Shipboard Power Consumption Comparison
As expected, almost identical values were recorded between the two motor set-ups with the laboratory values
slightly less than the levels on the ship which could be due to several reasons. The power source was different for
both tests, and upon measuring the power going into the motor controller on the ship, a slight imbalance across
the three phases was observed which could have led to some additional losses. Additionally, the motor tests in the
lab setting were more controlled, especially with regards to the physical set-up without the belts and pulleys,
lower ambient temperatures and optimized controller and inductor placement for cooling. Vibrations were also
kept to a minimum with a rigid test stand as opposed to the MMA installation in which the motor was
cantilevered off the side of the fan assembly.
Verifying the motor constants is important not only from a customer’s perspective, but for the development of the
ECM motor model since the recorded values are fed back in to help perfect the expected performance for future
designs. The voltage constant and torque constant were verified using both current and torque readings in
conjunction with a spin down test. While the motor was running at the max condition the controller would allow,
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the current being feed into the motor as well as the torque produced was used to calculate the motor torque
constant. The average value recorded in the back to back test was 0.373 N-m/A which has a 1.1% difference than
the predicted value of 0.369. The average voltage constant from the spin down test was 0.428 V-s/rad which is a
percent difference of less than 0.3% of the predicted value of 0.427.
Motor efficiency was an additional benefit ECM wanted to improve upon for this project. The initial motor
modelling predicted an efficiency of 91.6%. The actual system efficiency is hard to predict upfront unless the
controller and power source are known at the time of motor modelling. ECM performed two sets of efficiency
tests where the motor was driven via the ABB controller as well as it being run as a generator with a 3hp Baldor
motor driving it. The first set up with the ABB controller provided a max efficiency of 82.84%. The second test
with the ECM motor being run as a generator provided a max efficiency of 87.22%. The generator test
configuration eliminates losses due to ripple and switching effects that reduce efficiency when a drive is used.
Motor use requires a drive, but these losses can be minimized by optimization of the drive and filter. Also, note
that generator testing allows an approximation to the motor operating point only.
Several factors could have affected the predicted efficiency with some of the mechanical losses being discussed
below. Another potential loss mechanism was due to a larger air gap than previously modeled. The PCB stators
were almost 20 thousandths thicker than originally intended. This required the air gap to be increased to prevent
the magnets from rubbing against the stator face. This slightly larger air gap resulted in less flux between the
magnet faces which could have had a small negative effect on the motors efficiency.
The reason for the larger air gap was due to this PCB consisting of design parameters (layer thickness, copper
weight, pole count, etc.) that had not been built in conjunction before. Although the stator modelling software
does a great job at predicting thickness based off these parameters, there was no definitive way to know the
thickness until after they were produced. With each additional motor build, especially ones with different build
parameters, the stator modelling software is refined to better predict board thicknesses for future builds which
should mitigate concerns on PCB manufacturing performance for future projects. Even with all this considered,
the additional 20 thousandths air gap would still not have had a significant impact on motor performance although
it is still something that is worth controlling.
Additional losses in the motor are evident with the amount of heat generated in the inductors as seen in figure 07
in the shipboard results section. With an increase in wire temperature comes an increase in electrical resistance
which would have had an additional draw on the motor efficiency. During the shipboard testing period where the
data logger was recording correctly, peak temperatures on the inductors were recorded at 157 °F. However, during
the motor install in Miami, FL where the ambient was close to 85 °F, these inductors were recorded to reach 210
°F which would indicate potential further efficiency losses. This was partially solved by placing the inductors over
the controller cooling fan with the cooling slots facing the fan to increase airflow over them. The higher inductor
temperatures were partially due to them being sized based on the false operating point. Larger inductor cores with
a heavier wire gauge could have helped limit the additionally losses due to heat by reducing resistance within the
wire.
As with all motors, there are areas where additional losses take place include windage, bearing drag, and flux
leakage. The ECM motor was tested for this via a slightly modified generator set-up. The only change to this
setup is that the stator in the ECM motor is removed to eliminate any magnetic flux interaction with the rotor and
stator. The Baldor motor drove the ECM motor with no load at a range of RPM values with the torque
measurements taking place at each RPM increment. This can be seen plotted in figure 09 below.
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Figure 09: Mechanical Losses vs. RPM
With the increase in speed comes an increase in additional mechanical losses. In order to reduce these additional
losses, a few design changes would need to be made. The most “controllable” loss would be if there was any flux
leakage out the back side of the rotor. These flux lines that escaped would then interact with the motor case
causing additional loss by generating eddy currents in the case. The easiest way to fix this is to use thicker back
iron for the rotor to focus the flux within the air gap. ECM performs gauss measurements within the air gap to
check for this. With the combination of the small air gap and high strength neodymium magnets, the average flux
density within the air gap is on the order of 7.79 kilogauss. Measurements are then also taken towards the interior
and exterior edge of the magnets to verify the extent to which the rotor/magnet structure is confining the flux to
the gap. Upon measuring the flux density, 0.6 kilogauss of leakage was recorded meaning the rotor thickness was
not thick enough. Although a simple solution, the time to re-machine these parts, set the magnets, and balance the
entire assembly was not available.
Windage losses are slightly harder to control as this would require additional modelling of the flow characteristics
inside the motor cavity. Due to how thin the motor is, the volume of air within the motor cavity is very small and
the gap between the rotating and stationary components is within a couple thousandths of an inch. Sharp edges
and rough surfaces had most likely caused turbulent flow within the motor cavity causing additional drag. Since
these interactions take place within a fully assembled motor, it is difficult to diagnose problem areas without a
computational fluid dynamics (CFD) analysis. This motor was the largest ECM had built to date and with larger
motors comes larger relative velocities at the rotor edges which would theoretically compound these larger
windage losses that the motor model may not have considered. This is one area of development that ECM
continues to improve upon.
ECM typically uses shielded bearings in their motors to reduce the chance of any sand or particulates from getting
in-between the bearing races and reducing bearing life. However, the shields cause higher friction and less
efficient heat dissipation. Open bearings could be considered but there will always be the tradeoff between
efficiency and reliability.
With the total mechanical drag recorded at 0.09 Nm @ 1500RPM, this quantity approximately reduced the total
system efficiency by ¾ of a percent. This may seem small, and largely unavoidable, but any additional efficiency
gain ECM could achieve provides not only a competitive edge in the electric motor market but additionally helps
satisfy the motor design methodology to build more efficient motors in the future.
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Project Conclusion
The ECM/MMA motor project identified several areas of improvement ECM could provide for shipboard motor
applications. The main design and performance goals for this project were to minimize weight and showcase
ECM’s attractive form factor and PCB technology. The weight savings were truly remarkable with the motor
(excluding controller & mounting bracket) resulting in a weight savings of almost 70% compared to the induction
motor. The axial length was reduced almost three quarters and the radial size increase was only 23%. Based on
the experience with this motor design, we identified further opportunities for weight savings.
Efficiency was also an area of potential improvement with an anticipated efficiency increase of approximately
2%. However, utilizing the standard off–the-shelf motor controller contributed to a lower realized efficiency along
with the discovery of some additional losses contained within the motor itself. A faster switching controller with
the ability to provide sufficient current would certainly allow for a direct comparison with the pre-existing
induction motor and some additional efficiency gains with a second iteration motor built with ECM's PCB stator
technology.
The motor described in this report was a drop-in replacement for the induction motor. The most efficiency and
weight savings would be realized by a system design of the motor, fan, and HVAC control. For example, the
ECM motor can be optimized for a fan-curve, with probable turn-down ratios taken into consideration. The
ECM motor can also be made direct drive, and due to its form factor, integrated with the housing and cooled by
the airstream. Benefits of this kind of design include much greater weight and space savings, reduction in parts
and maintenance items, and opportunities to increase “wire to air” efficiency by a much wider margin.
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ECM Motor Validation and Test Report
Date: 4/10/2019
Document Revision: 4
ECM Model #: E - 2200 - 0.5k – 12
ECM Project: 17-MMA24

Motor Modeling Parameters

Stator Type: NON-STACKED

Variable

Design Value

Constant Speed Application, Belt Drive,

RPM

1760

Low Weight,

Torque [N-m]

11.95

Watts In

2400

Watts Out

2200

Efficiency

91.6%

Volts

48.0

Motor Serial # Delivered

Kt [Nm/A]

0.369

1 – MMA24-0001

Ke [Vs/rad]

0.427

Km [Nm/√W]

1.091

Thermal Safety
Factor

1.4

Dry Weight
Approx.[kg]

12.6

Motor Application: Fan Motor
Motor Type:

Feedback Method: Encoder
Controller Model: ABB ACS380R3
Additional Project Notes:
-

Warm Motor Room (>25C)
460V 3 Phase Shipboard Power
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TEST

VALUE / SPEC. PER DATA
SHEET

Individual Parts
Inspection and
Tolerance
Verification

Stator Physical
Inspection and
Verification of
Electrical
Parameters

TESTED RESULT / VALUE

Measured Tolerance

Acceptable
Tolerance
Range
Magnet
Thickness

+/- 0.002’’

Bearing
Pocket
Depth

+/- 0.002’’

Stator
Pocket
Depth

+/- 0.002’’

COMMENTS

Magnet Thickness

+/- 0.002’’

Bearing Pocket
Depth

+/- 0.001’’

Stator Pocket
Depth

+/- 0.002’’

Expected Value
Phase to Phase

Mount holes in the
stator were 4-5
thousandths of an inch
undersized which
required post drilling
operations to be
performed.

Average
Recorded Value

R 1-2[mΩ]

152.40

R 1-2[mΩ]

166.11

R 2-3[mΩ]

152.40

R 2-3[mΩ]

165.49

R 1-3[mΩ]

152.40

R 1-3[mΩ]

165.65

Test Procedure: 5
Balance &
Vibration Test
via EI-30 Balance
Machine

<6

Balance readings reflect
balance achieved on ECM
lab motor.

Average Balance
Quality

0.51

Test Procedure:
10
Air Gap
Measurement &
Verification

0.2170’’

Average Air
Gap

0.2280’’
Test Procedure: 6
Gauss Testing &
Gap Flux
Verification

Gauss Readings
[k Gauss]
Min / Max Flux Readings
+/-

+7.86 / -7.84

Average Flux Readings
+/-

+7.76 / -7.73

Test Procedure: 8
Verify Motor
Torque Constant
(Kt)

0.369 [Nm/A]

Average Kt

0.370
0.373

Test Procedure:
1, 2b
Verify Motor
Voltage Constant
(Ke)
Test Procedure:
1, 11

0.427 [𝑉"#" %&' s/rad]

Average Ke

0.428
0.421
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TEST

VALUE / SPEC. PER DATA
SHEET

Power Loss & Motor
Efficiency

Test Procedure: 2

Test Mechanical
Losses (bearing,
windage, etc.)

TESTED RESULT / VALUE

Expected
Value
Power Loss
[W] @ OP

200.0

Motor
Efficiency @
OP

91.60

Generator
Mode
Average
[1500 RPM]

Motor Mode
Average
[1500 RPM]

Power Loss
[W]

206.0*

323.0*

Efficiency

87.0*

82.6*

0.396 @ 1760 RPM

Test Eddy Current
Losses

COMMENTS

Windage, Bearing &
Flux Leakage Losses
[N-m]

Eddy Current
Losses [N-m]

RPM
1000

0.082

0.433

RPM
1500

0.090

0.637

Stator Sticker Tripped
Temperature Range [°C]

71 - 77

Housing Temperature [°C]

56.3

Power Loss [W]

149.0

Stator to Case Heat
Resistance [W/ °C]

7.10 10.10

*Tests occurred at
slower speeds due to
controller not being
able to reach designed
operating point
conditions.

Test Procedure: 3
Thermal
Characterization of
Stator to Case

Stator Temp < 100 °C
Thermal Safety Factor: 1.4

Test Procedure: 7
Thermal
Characterization
Case to Ambient

Housing Temp < 75 °C

Test Procedure: 7

Dielectric “Hi-POT”
Withstand Test

AC/DC Test

Minimum Allowable
Voltage to PASS

AC

>1000 V

DC

>1000 V

Test Procedure: 8

100

Ambient Temperature [°C]

20.6

Housing Temperature [°C]

56.3

Power Loss [W]

149.0

Housing to Ambient Heat
Resistance [W/ °C]

4.20

AC/DC Test

Grade

AC

PASS

DC

PASS

These calculated values
will be inapplicable
for a forced convection
cooling method
including but not
limited to an external
blower fan.

MMA24 Motor and Generator Efficiency as a
Function of Speed

80

Efficiency [%]

The housing was cooled
via natural convection
in a laboratory
setting.

60
Generator

40

Motor

20
0

One Gateway
359 - Newton,
0 Center, Suite
500
1000MA 02458 1500u
Speed [RPM]

Phone:2000
(617) 340-3241

Figure 01: Speed varied
while constant resistance
(designed to hit
operating point load and
speed) applied to load
motor leads in back-toback test stand setup.
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MOTOR TEST DESCRIPTIONS

1. Spin Down Test
The motor is attached to a test stand, with phase voltages measured by a
PicoScope 3000 data acquisition system. The motor is given an initial
condition and allowed to “spin down”, or decelerate, under its own
losses. The data collected from this test encode the rotor position as a
function of time and allow estimation of Kv, Kt and associated loss terms.
2. Back-To-Back Setup
a. Two motors were coupled to one another to setup a motor-generator
configuration. The setup is as follows. The Device Under Test (DUT)
motor is mounted on one side of the test stand, there is an Futek
TRS600 50Nm rotary torque sensor mounted in the middle then the load
motor in this case was the Baldor CD6203. The motors are each attached
to the sensor using SC050 flexible servo shaft couplers. The DUT was
controlled by an ABB ACS380 controller to a range of speeds from 0 to
1600 rpm during which time the Baldor motor was used as a load by
applying a resistor bank across the armature and then adjusting the
field voltage to tune the torque to desired values.
Power into the motor was measured using a Yokogawa WT5000 power
analyzer setup in 3P3W configuration. Motor speed was measured both on
the ACS380 as well as the Extech DT22401D keyed shaft tachometer. Power
to the controller was supplied by 3 phase line voltage passed through a
Square D transformer. Power into the controller was not recorded so
system efficiency was not captured in this test. The data collected is
used to motor and controller efficiencies
b. The same test stand setup was used to collect data on the DUT acting as
a generator. In this case the Baldor motor was used to drive the DUT
instead of being the load. The power analyzer was used to measure power
out of the DUT which was connected to a resistor bank that was setup to
provide the appropriate load to the motor.
Measurements were taken by the power analyzer, Futek torque sensor, and
shaft tachometer at speeds of 0, 250, 502.4, 751.6, 1002, 1250, and
1493. These measurements allow isolating the performance of the motor
without any negative effects caused by non-ideal control. The data
collected here is used to calculate performance under ideal
circumstances and kt.
3. Windage
While in the Back-to-Back setup b using the Futek TRS600 and Baldor motor to
drive the DUT, speed and torque measurements are taken while the DUT side is
not connected to a resistive load. This test allows measurement of losses
associated with eddy currents in the stator and case as well as windage and
bearing losses.
The motor is then disassembled to have the stator removed. At this point the
rotor/shaft assembly is reassembled and put back into the case. The Baldor
motor is once again used to drive this stator-less motor to speed while
torque measurements and shaft speeds are recorded. This process allows
windage/bearing losses and eddy current losses to be isolated from the
previous measurement of both combined.

One Gateway Center, Suite 359 - Newton, MA 02458

u

Phone: (617) 340-3241

u

info@e-circuitmotors.com

21
SOFTWARE & TECHNOLOGY

www.printstator.com
4. Run and Tear Down
The motor was run through the previously mentioned testing after which it was
disassembled and inspected for any problems. Possible problems to visually
inspect for include bearing integrity, FOD, bearing to shaft fit, bearing to
case fit, evidence of excessive temperature, evidence of arcing, evidence of
stator rotation, evidence of magnet/stator interference, integrity of thermal
compound, runout issues, and condition of magnets and coatings. None of the
above problems were found.
5. LCR Meter
Stator electrical measurements are taken using a Keysight E4980AL Precision
LCR Meter. Stators are measured across the 3 connection, measuring from
position 1 to 2 then 1 to 3 then 2 to 3 in order to record all possible
combinations. These measurements are recorded using the Ls-Rdc profile on
meter.
6. Wedge for Gap Measurement
Measuring the gap between the assembled rotors is challenging due to the
effects of the magnets on the tools needed for measurement. The way these
effects are overcome is through using a non-magnetic wedge to make a transfer
measurement. The wedge is a piece aluminum machined to have a small taper. It
is inserted into the gap at several locations around the rotor and marked at
the point it makes contact with the magnet surface. The wedge is then
removed, and measurements are taken using Mitutoyo 293-335-30 Digital
Micrometer at each of the marks that were made. This allows measurement
extremes and average of the gap between the magnetic surfaces.
7. HiPot
HiPot testing is done to ensure the stator does not fault to the case under
extreme voltage conditions. This test is done by attaching the positive lead
of GW Instek GPT-9603 to one of the motor leads and attaching the negative
lead to the motor case. The HIPOT tester applies either an AC or DC voltage
across its leads and measures current. The user selects the voltage applied
and the current level for pass/fail. These motors were tested and passed both
1.0 kV AC 2.5 mA and 1.0 kV DC 1.0 mA.
8. Gauss Testing
The rotor/shaft assembly was assembled without a stator. This assembly was
then supported so the rotational axis of motor was in horizontal position
while using V-Blocks on the shaft bearings so that the rotors could be spun
by hand. A F.W. Bell 6010 Gaussmeter was used to measure the field in the gap
between the rotors at 3 different locations as well as on the back side of
the rotor. The rotor shaft assembly is then spun in a full revolution to
ensure each pole is measured. The 3 locations of measurement are just inside
the ID of the magnet, just inside the OD of the magnet and the center of the
magnet. The field is recorded using a PicoScope to capture the data from the
Gaussmeter.
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MOTOR TEST DESCRIPTIONS

This data is then analyzed to determine the average peak value at each
location. When measuring the leakage on the backside of the motor the
Gaussmeter is set to hold the highest value and swept all around the back to
cover the entire surface. This is then repeated using hold minimum value to
collect the extremes in both pole directions.

9. Thermal
The DUT was setup as in Back-to-Back setup b. The Baldor motor drives the
shaft of the DUT while a 3-phase resistive load bank is attached across its
terminals. Prior to mounting the DUT for the test it is disassembled and has
Telatemp and Thermax temperature stickers placed on the inner end turn of the
stator. These stickers come in a variety of temperature ranges and are
designed to trigger a specific section of the sticker when the given
temperature has been reached. The motor is then reassembled and setup in the
test stand.
A thermocouple is attached to the motor case to monitor temperature of the
case during the test process. The test is now ready to begin. The Baldor
motor is used to drive the shaft of the DUT to desired speed. The initial
case temperature, ambient temperature, torque on shaft, speed, power to
resistor bank and start time are recorded. These measurements are repeated
approximately every 15 minutes until the DUT case reaches steady state or
desired length of time has passed, in this case the test was done for 2
hours. At the end of the test measurements are recorded a final time.
The motor is then disassembled, the stickers are viewed to determine the
highest temperature the stator reached. This value then gives you a range of
possible temperatures reached because there is a highest reached and the next
temperature that was not triggered. The stator reached some temperature in
between these 2 values. The data collected here is used to calculate thermal
resistance from the stator to case as well as the case to ambient within a
small range. The thermal resistance values allow estimation of the stator
temperature based off temperature of the case.
10. Balance Machine
An Erbessd dynamic balancer is used to balance the rotor assembly. If
needed, corrections can be made by adding or subtracting masses at a
prescribed radius. To balance the rotor, the stator is removed, and the
bearing, shaft and rotors are spun up. A laser system measures speed,
accelerometers detect the imbalance, and the degree of balance and location
of corrective mass is calculated by the instrument.
11. BACK EMF
The Device Under Test (DUT) motor was fixtured in a test stand such that it
was rotated at constant speed using a Baldor CD6203 to drive the shaft of the
DUT. The unloaded phase voltages were measured at 0, 250, 500, 750, 1000,
1250, 1500, 1750 RPM using a Yokogawa WT5000 power analyzer. Speed was
recorded using an Extech DT22401D keyed shaft tachometer. These speeds and
voltages are processed by an Octave script to confirm the motor kV value.
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Testing Image (Back to Back Set Up)
A
B
C

G

D

E

F

I

H
Letter

Test Component

A

Futek Display Screen

B

BEI DS0514 Shaft Encoder

C

ECM Generator/Driving Motor

D

Futek TRS600 50Nm torque sensor

E

Shaft Tachometer

F

Baldor Generator/Driving Motor

G

Yokogawa WT5000 Power Analyzer

H

ABB ACS380 Controller

I

Inline Inductors

J

Shaft Couplings
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