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Methodology of electric motor testing on the hybridengine test bench

This paper presents a basic methodology and equipsatup used for an electric motor designed fghthduty vehicles, testing on
a hybrid engine test bench equipped with an aci@ dynamometer. The methodology used during thewas based on the
appropriate regulation (UN-ECE Regulation 85). Axample of mechanical performance measurementsesepted, as well as an
overall layout of the measurement devices usetefihing, including a scheme detailing all electricannections between the equipment
employed during the test. The paper takes into iderstion the necessity of development and subséqogrovements of the
methodology employed during testing of e-motorsctwhue to the highly changeable and competitivieraotive environment, will
undoubtedly have a gradually increasing share agdiicance in the automotive industry.
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increasing requirements of emission standards,trielec
engines are once again the center of attentionjngakp

1. Introduction
The high prices of fossil fuels on the global maske

growing demand for green and low-carbon energyyels
as fierce competition and more and more stringerisgon
legislation have exerted great pressure on autamae
manufacturers, forcing them to search for and implet
new, more efficient powertrain solutions focused ren
duced fuel consumption and emission levels [4, 6].

The most reasonable solution seems to be small
placement engines, however, as it is now knowny dre
not the most optimal ones. Simultaneously, furibgtimi-
zation of existing internal combustion engine <Sof
generates great costs and seems to be quite lifnit@dthe
technical point of view [5]. Now it is seen thatt@makers
are more and more interested in implementing éteetn-
gines in the way of hybrid applications or purectie
drivetrains equipped with very sophisticated cdntnoits
[3, 9]. According to the ERTRAC study, powertraieari-
fication is the main leverage to reduce global,@is-
sions from transport sources [12] and only a higrell of
electrified vehicles in fleet mix show a chancereet the
decarbonization challenge in European Union preskint
the EU Transport White paper to reduce the ovecé&l

tank-to-wheel emissions by 60%, based on 1990 é@mniss-

level [7].

At the end of the 19 century and at the beginning of-

the 20" century, electric cars constituted a significaattp

of the fleet. Despite many advantages, electriconsot -

have lost the battle with the internal combustiogipe.

The biggest disadvantages were low range and kimite

battery capacity as well as the substantial wewfhthe
battery itself [9, 14]. The internal combustion eregg of
the day offered greater power and mileage. Additiign
the introduction of the electric starter to the kermade

a crucial development point for the entire autoretndus-
try [3, 5, 9].

The market share of hybrid-electric vehicles wasg
slowly in the last years to 1.8% of all new carkisp the
European Union in 2016. Plug-in-hybrid and electéti-
cles were at about 1% among all vehicles sold 64Q1].

dfsurrent European electric-vehicles sales are ofiabb%
of all new vehicle registration and can rise towt®?6 in
2021 and to bigger percentage in next years to,2088n
a significant uptake of the electric vehicle marigeto be
expected [3].

At present four type of electrified drivetrains these
electric motors are considered in modern vehid#sys
(Hybrid electric vehicles), PHEVs (Plug-in hybriteetric
vehicles), BEVs (Pure battery electric vehicleshd a
HFCEVs (Hydrogen fuel cell electric vehicles) [], Blec-
tric (battery) powertrain consists of onboard hégtergy
battery or supercapacitor, or both of them, eleatriergy
converters (Inverter), electric motor and drivetraystem
[1, 14]. Energy and power demand must be suffictent
deal with:

The air drag that is proportional to vehicle froraeea,
air drag coefficient and the square of the speed.
Rolling resistance that is proportional to vehiohass
and rolling resistance coefficient.

Gravity at ascends.

Other power losses (internal and external) e.g. tdue
wear.

e.g.: lights, air conditioning (A/C) system, radpmwer
drives, electronic control units, etc. [14, 17].

Provide power to on-board equipment and sub-systems

Currently, the ¥ generation of PEV technology is un-

the starting procedure of combustion engines masitee  der development, with improved batteries, more idgv
than previously (when manual cranking had beenequitnjleage, followers adequate infrastructure. THeg@nera-
normal) [14]. tion of PEV is planned for 2020-2025 time framethwi

At present, the development and introduction obire?  jmproved batteries and vehicles to make core madidet

tive electronic solutions have made electric motmeger,
quieter and much more powerful. Currently, in tha ef

PEVs competitive [6]. The main challenges of vehielec-
trification are currently following [1]:
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conditions. The regulation specifies especially tbeling
conditions that need to be maintained during tisé t&c-
- Infrastructure, cording to the regulation, the electric drivetrahall be
- Cost/affordability. equipped with auxiliaries (radiator, fan, fan cowlmp,

Apart from the on-going improvements of electritive thermostat in case of liquid — cooling or air fifteowl,
cles technology making EVs competitive with theem  blower, temperature adjustment system in caserafcail-
tional ICE vehicles on multiple markets some legigis N9). The radiator, the fan, the fan cowl, the watamp
and R&D organizations are constantly working ont tegnd the thermostat shall be located on the testhbenthe
methods and test equipment assigned for this tfpetd- Same relative position as when mounted on the lehibe

- Solution to environmental performance,
- Cruising range, battery charging time,

cles and powertrains.

The concept of testing and quantifying the perforoea
of the electric motors in the industry is not néwt due to
the growing popularity of this type of the enginasthe
automotive industry (hybrid and electric solutigng)is
undoubtedly necessary to get familiar with the nemments

cooling-liquid circulation shall be activated by eth
drivetrain water pump only. Cooling of the liquidagnbe
produced either by the drivetrain radiator, or hyexternal
circuit, provided that the pressure loss of thisuit and the
pressure at the pump inlet remain substantiallystirae as
those of the drivetrain cooling system. Where the fadia-

electric vehicles, hybrid electric and compressgdrégen

cell, the power absorbed by the fan when separatelynt-

fuel cell hybrid vehicles were part of the works oew ed in its correct position in relation to the radisand cowl
WLTP (Worldwide harmonized Light vehicles Test Rroc (if used), shall be determined at the speed cooretipg to
dures) carried out by Informal Working Group (IW@) the motor speeds used for measurement of the moteer,
WLTP of United Nation Economic Commission for Eugop €ither by calculation from standard characteristesby
(UN ECE), Inland Transport Committee, World Foruon f means of practical tests. This power, correctestandard
Harmonization of Vehicle Regulation (GRPE). Resuits atmospheric conditions should be deducted fronedineect
those works were introduced to the Global TechriReju- PoOwer. Itis notable that the electric drivetrairalt be sup-
lation (GTR) no. 15 of UN ECE in Annex 8. Currently Plied from a DC voltage source with a maximum vgéa
Proposal for Amendment 4 to GTR 15 for WLTP tegt-pr drop of 5% depending on time and current (periddess
cedure is under discussion [13]. Another IWG — filec than 10 seconds excluded) [15]. _

Vehicles and Environment (EVE IWG) of this UN ECE  UN-ECE Regulation 85 also determines the approtal o
World Forum is working on the development of newh® propulsion system within its net power measuired
UNECE GTR determining test methods for the mainéss accordance with the specified procedure. As meation

related to EV vehicles as [16]:

- Power determination of the electrified vehicles.

- Electrified vehicle durability issue (continuingsearch
on EV battery performance and durability).

- Methods of quantifying the energy consumption.

2. Electric motor testing methodology on test bench
for a hybrid powertrains

2.1. Methods of electric moto testing UN ECE

Regulation No. 85

The existing test methodology is widely describethie
UN-ECE Regulation 85 [15]. This regulation requires
obtain and map the power curve as a function oktigine
or electric motor speed in terms of the power #tlfiad
indicated by the manufacturer for internal comtarsten-
gines or electric drivetrains. The regulation detees also

the measurement of the maximum 30 minutes power gf

electric drivetrains intended for the propulsion robtor
vehicles of categories M and N1 [15].

Within its structure, UN-ECE Regulation 85 defiriee
main definitions and related technical conceptshiicase
of electric motors, electric drivetrains are congubsof
controllers and a motor and can be used for prapulsf
vehicles (as the sole means of propulsion). The poeer”
is defined as the power obtained on a test bentteatnd
of the crankshaft or its equivalent at the corresiig
engine or motor speed, with the auxiliaries [15].

previously, the net power is the power obtainedrantest
bench on the crankshaft at the specified enginedspe
gether with auxiliary equipment. It is notable that power

is determined under atmospheric reference conditidbhe
maximum 30-minute power is the maximum net power of
the electric motor which the drive system can poed(on
average) over a period of 30 minutes [15].

According to UN-ECE Regulation 85, the determinatio
of net power proceeds as follows: the engine amdet of
devices must be conditioned at 25 (£5)°C for astleéao
hours. The net power test is performed at the maxim
setting of the power regulator. Before starting tibst, the
engine operates on the test bench for three mingeeeer-
ating a power equal to 80% of the maximum powehat
speed specified by the manufacturer. The measutsrasn
made at different engine speeds to accuratelydeterthe
power curve between zero and the maximum speednreco
ended by the manufacturer [15].

The determination of the maximum 30-minute power in
accordance with the regulation is conducted asvid! the
engine and its set of devices must be conditiorte@d5a
(x5)°C for at least four hours. The electric motarks on
the test bench with the power recommended by theuma
facturer to obtain the maximum 30-minute power. The
engine speed must be within the range for whichnée
power exceeds 90% of the maximum power measured in
accordance with the regulations. The engine spedtid
point of the determination of the 30-minute powkodd

UN-ECE Regulation 85 also specifies the auxiliarie§e recommended by the manufacturer. Engine speed an

used during the tests determining its position lacdtions
on the test bench and also specifying some ovie@ihical

power must be recorded and post-processed acctyrdong
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the requirements in the regulation. The power rbaswith-
in £5% of the power at the start of the test. Thaximum

perform all the measurements requested by thestbtagu-
lations (e.g. UN-ECE Regulation 85) [8].

30-minute power is the average power obtained withi

thirty minutes of the start of the test [15].

UN-ECE Regulation 85 specifies the data evaluatic

methodology. In encapsulated form, the net power the
maximum 30 minute power of the electric motor sfiedi
by the manufacturer are accepted if for maximumerdive
results differ by no more than +2% and for otheasuging
points on the power curve by no more than +4% ftben
values measured by the technical service on thteumcier
test submitted for testing. It is notable that #aenotor
speed tolerance is £2%.

It is worth mentioning that all the such performaid
BOSMAL incorporating the measurements of the netgro
and the 30-minute net power was conducted in aecoal
with the latest version of UN ECE Regulation No. (86.
revision 1, supplement 6, paragraphs 5.3.1 an@)5[B5].
The work directly referred to net power and toraqoeas-
urements, determination of 30-minute net e-motongro
and the proper and adequate interpretation of #selts
obtained.

2.2. Test bench for internal combustion engines (IEs)
and hybrid powertrains as the indispensable
equipment for e-motors testing

Nowadays special dedicated engine test stands aking |

ternating current (AC) dynamometers are widely uded
ing the testing of internal combustion engines (IGEd
hybrid powertrains. In general, this type of thejiae test

bench with an active AC dynamometer can also bel usj

during testing of entire vehicle drivetrains.

The engine test stand with an active AC dyno ifexfal | y

research, development and type approval is dedicte 'E

performing research activities in the range ofitgstand
operational simulations of light (LD), medium (M@nd
heavy-duty (HD) engines fueled with a gasoline,selie
fuel, LPG, CNG, synthetic fuels and biofuels, adl\as
hybrid and fully electric solutions. The drivetraiwhich it
is possible to test can be a classic engine unisisting of
an internal combustion engine (ICE) only, but aigbrid
drivetrains and finally entirely electric motors ugaped
with the associated control hardware. The engies®d on
such a test bench are able to be operated and tastier
steady state, transient and dynamic (fast-changiog}i-
tions. This approach incorporating a specificdisa highly
advanced equipment is fully consistent with curraato-
motive trends appearing on the market which areealbly
focused on hybrid and electric motors applicati@s

It is noteworthy that BOSMAL laboratory has curitgrdn
its disposal one the abovementioned test standippegl
with an active engine dynamometer with an asynabusn
AC motor and a power unit assigned for electric arst
(shown in Fig. 1 and Fig. 2). This equipment comfagion
gives wide possibilities to test both internal caosiion
engines and hybrids consisting of both the intecoatbus-
tion engine and electric motors, but also enatdesrig of
electric motors themselves. In the case of tedtiytgid or
electric motors, a common, superior automation eslirv
lance system gives the ability to perform dynaragts and

Fig. 1. The equipment used during testing: PUMA ©peftware (updated
to version 1.5.5)

Fig. 2. The equipment used during testing: acti@dyno and auxiliaries

It is evident that dynamic tests are currently speénsa-
ble in development studies and for type approwalyell as
in durability research. A dedicated test standtésting of
hybrid and electric drivetrains facilitates exeontiof tests
in accordance with the applicable regulations daaddards,
but also gives the ability to prepare any prograimgests
according to any requirements — which is extrenely
portant from the research and development pointef.
An example of such a practical application is ausation
of the behavior of the hybrid drivetrain systenreal work-
ing conditions while operating in a vehicle.

2.3. The problematic issues occurring during e-mots

testing

Electric drivetrains in automotive applications tain
an e-machine, power electronics, an energy stodege
vice, charging electronics, transmission and soerép-
eral equipment. The challenges for e-machines icue
lar applications are extensive and they have tot ey
requirements, for example: high efficiency, low tcaad
weight, dynamics, packaging, high power, climata r
bustness, acoustic behavior and EMC, thermal ralsst
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and mechanical stability [10]. In the past manyedir
current motors were used in electric vehicles. Tottee
most usable technology are permanent magnet synchro
nous machines (PSM) and asynchronous machines
(ASM), or sometimes also electrically excited symeh
nous machine (ESM) [10].
The research and development field reports théhtes
the e-motors is strictly connected with the cerfaioblems
related with the signal measuring nature, efficiait post-
processing and transparent final data evaluatiothadel-
ogy. Some major problems are briefly mentionedwelad
detailed in the literature [2, 10]: Fig. 3. The e-motor installed on the engine tescheequipped with an
- Fast switching inverters and the power analysisii active AC dyno
ity in terms of sufficient sampling rates;
- A dynamic, fast-changing and transient nature of
e-motor testing in all operational conditions;
- The necessity of permanent monitoring of the curren
harmonics;
- The issues related with a raw data storage, dag& po
processing and high data accessibility methods.
The abovementioned problems during e-motor perfor-
mance measurements are strictly related to thewsaed
and software used and also with their technicadmal. In
this context, the power analyzer units used mustdoficat-
ed and optimized for automotive application purgaseli-
cating satisfactory technical parameters. For tieatson,  Fig. 4. The motor oil cooling system in/outlet ahé electrical connec-
a great amount of costs must be necessarily borreito- tions
motive research and development institutes justriter to
be equipped with the highest quality equipment gngua
highly reliable data recording and enabling transpifinal
data evaluation.

08
o
%

E-STORAGE SYSTEM N\UN

2.4 Testing equipment and capabilities used durinthe

test

The test stand employed during the e-motor testsrin
porated an active alternating current (AC) dynamteme
with maximum power of 220 kW, a power battery unit,
AVL e-storage with a nominal power of 160 kW to plyp
the e-motor, and power analyzer (Yokogawa WT 1800)
voltage and current measurement. The AVL e-stoiaGe
power unit featured an output voltage range of 88@&nd
a maximum current output of 600 A. The test staras w
controlled by the AVL PUMA Open automation platfarm
Add_ltlonally, the motor r_eqmred connection to arteenal Fig. 5. The equipment used during testing: AVL @&ge (power battery
liquid cooling system with the PID temperature dlv unit)
control and not to exceed 60°C (measured at theormot
outlet). Dielectric transformer oil was used a®alant due
to the direct winding cooling solution employed.

The mechanical performance of an electric motor if
terms of net torque T = f(n) and power P = f(n)swaeas-
ured at the motor crankshaft over the entire spaede.
The e-motor as installed on the test bench is tkgbin
Fig. 3. The inlet and outlet of the oil cooling a as well
as the main electrical connections are depictédgn4.

The equipment used during testing: PUMA Open soft
ware, AVL e-storage (power battery unit), power lprer
(Yokogawa unit) and electric inverter (coolant pusgeed
control) are shown in the following figures: Fig. Eg. 6,
Fig. 7 (respectively).

Fig. 6. The equipment used during testing: poweatyazer (Yokogawa
unit)

COMBUSTION ENGINES, 2018, 174(3) 29
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Fig. 7. The equipment used during testing: theteteimverter (coolant
pump speed control)

BOSMAL's overall capabilities and functionalities i
terms of testing e-motors are enumerated belowmAs-
tioned above, at this point, BOSMAL has at its disgd
a hybrid test cell (no. 19) which is equipped vath up-to-
date e-storage unit and a portable low voltageehatmu-
lator. The test bench software incorporates thivahg
functionalities and has the following charactecs{g]:

- AVL PUMA OPEN 1.5.3
- AVLIGEM

- AVLISAC

- AVL InMotion

with UN ECE Regulation No. 85, revision 1, supplet,
paragraphs 5.3.1 and 5.3.2 [15].

Fig. 8. The overall concept of the electrical cattioms and the equipment
employed during the testing

The unit under test was a PMSM (permanent magnet

synchronous three-phase alternating current (ACjor)o
mono unit (one motor integrated with the onboanekiter
electronics), with 6 poles. Nominal supply voltagas 600
volts direct current (VDC) and an additional 9-3D&
power supply was used for the control electroriit® basic
characteristics of the electric motor were theofglhg: oper-
ating speed range 0—6000 rpm, nominal net poweddt/8G@t

AVL e-storage DC Power Unit is characterized by th6000 rpm and maximum overload power 88 kW availédle

following parameters:

- Nominal capacity: 160 kW

- Output voltage: 8-800 VDC

- Output current (max): 600 A

- Permanently fixed on test bench no. 19
A regatron low voltage battery emulator is chandobel

by the following parameters:

- Nominal capacity (max): 20 kW

- Output voltage: 65 V

- Output current (max): 385 A

- Portable unit (mobile usage)

2.5. Testing methodology and description of the uni

under test

The main aim of the test activities was to measune
validate the mechanical performance of an eleatiator in
terms of net torque T = f(n) and power P = f(n) suead at
the motor crankshaft over the entire speed range.sEc-
ondary activities were to determine the nominal @ow
value generated at rated speed and verify itslgyabver
time. This is referred to as the 30-minute net potest
with 1 Hz data acquisition, which was conceptuaize
a verification of measured/declared nominal powelues
over 30 minutes (criterion: within +5% tolerancg&p].

maximum 15 seconds. In essence, the electric nvedar
supplied with 600 volts direct current (VDC) froimetAVL

e-storage DC power unit. It is notable that thetdlemotor
was internally integrated with the control unit éngorating
the following functionalities: controlling the inster which

converts direct current into alternating currerd arespon-
sible for starting and driving the motor, proteatimnctions
(motor temperatures, overload, overcurrent andvoliage),
communication/diagnostic interfaces and digital (iigputs /
outputs) to interface with external control systefitse elec-
tric motor was interfaced with the test bench adrdystem
using CAN bus and digital I/O. The overall concepthe

electrical connections and the layout of the egeipimrem-
ployed during the tests are depicted in Fig. 8.

The measurement of mechanical performance was ctndu

ed in the speed range of 0-6000 rpm with a stepnof
250 rpm. The measurement of net torque and poweeva
were taken as an average of 30-second steps fiLparal-
lel to the mechanical power on the motor’s shaf, ¢lec-

tric active power was also measured using a Yokagaw

power analyzer.

As mentioned above, the measurements of the net POWrig. 9. The external circuit of the cooling systapplied in the tested

er and the 30-minute test were conducted in acnocela

e-motor

30
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As mentioned above the e-motor was connected to the
external liquid cooling system in which the cooléenper-
ature and flow were monitored and operated by thz P
controller. The scheme showing the external circaittrol-
ling the proper oil recirculation and at the sanmeetthe
cooling functionality has been depicted in Fig. 9.

2.6. Example of test results

The basic characteristic of the electric motorrisspnt-
ed on Fig. 10. The measurement of mechanical perfor
mance was conducted over an entire operating speeg
of 0—6000 rpm with a step ofn = 250 rpm. The measure-
ments of net torque and power values were takeanas
average of 30 seconds steps. The motor characterést
be distinguished into a part of constant torqued (REn) in
a range of 0—-3000 rpm and the part of constant p(8@&
kW) between 3000-6000 rpm.

Fig. 11. E-motor nominal power verification as adtion of time (30
minutes), Pmax = f(t = 1800 s)

c) testing e-motors’ performance involves many problem
atic issues related to the signal measuring aspéct,
cient data post-processing and transparent fing da
evaluation methodology;

d) the tests conducted the incorporated determinatfon
net power and torque measurements, as well asothe s
called 30-minute net power test in accordance Wih
ECE Regulation 85;

e) the electrical and mechanical performance results p
sented allowed determination of the overall eleatnb-
tor efficiency over the entire speed operating earige
results of what will be presented in future puliimas;

f) the electrical power used for supplying the motor be

_ _ _ recovered — to a great extent — by using an aétive
Fig. 10. E-motor rated power and torque charadteds a function of

dynamometer;

speed, T = f(n), P = f(n ! . .

P ® ") g) the overall energy balance for an electric motanigh
The next test activities were a determination efriom- more advantageous than in case of combustion engine

inal power value generated at rated speed andyiegifts — a point which will be further investigated ancs-di

stability over the set period of time. This is reéel to as cussed in the future. ,

30-minute net power test with 1 Hz data acquisitishich It is noteworthy that some of the abovementionet- co

was comprehended as a verification of measuredeto ¢lusions will be undoubtedly expanded and put uritter
clared nominal power value over 30 minutes and imith [2iled investigation during future tests.

+5% tolerances [15]. The results are presentedginif. _ Summarizing, electric motor testing for automotae
_ plications is a new and quite complex issue. hagewor-
3. Conclusions and summary thy that developing a dependable and credibleneshod-

The tests conducted as well as the methodologyend ology for electric motor testing reveals great Higance
lated equipment employed have led to the followsmgrall from the research and development point of vieweeisl-
conclusions, as described below: ly taking into consideration the fact that electriotors will
a) due to the constantly rising share of electric m®oio  make up a substantial and still increasing share of

the automotive industry, demand for the type ofstesdrivetrains used in the automotive industry infttere.

presented above will grow significantly;
b) test benches for testing combustion engines can %l'(l'ﬂ(e)v\\ll\jgrggdee?cﬁgéd in this paper was carried othiwithe

?dapted for ele.qtrlc motor tests, fOH(.)Wlng Implm framework of the INNOMOTO ge(F:)toraI Programme, projeo.

tion of an additional set of measuring equipmerd a

e . "POIR. 01.02.00-00-0308/16.
specified power supply units;

Nomenclature

AC Alternating Current DC Direct current

A/lC Air Conditioning EEA European Environmental Agency

ASM Asynchronous Machine EMC Electromagnetic Compatibility

BEV Battery Electric Vehicle E-motor  Electric motor

CAN Controller Area Network ERTRAC European Road Transport Research Advisory
CNG Compressed natural gas Councll
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ESM Electrically Excited Synchronous Machine MS/s Mega-samples/second
EVE Electric Vehicles and Environment (IWG of PEV Pure electric vehicle
GRPE) PHEV Plug-in hybrid electric vehicle
GRPE The Working Party on Pollution and Energy PID controller  Proportional-Integral-Derivative
GTR Global Technical Regulation (of UN ECE) Controller
HFCEV  Hydrogen fuel cell electric vehicle PMSM (PSM) Permanent Magnet Synchronous Motor
HD Heavy duty engine SW Software
I(t) Current in the function of time u(t) Voltage in the function of time
le] Digital inputs/outputs UN-ECE United Nations Economic Commission for
ICE Internal Combustion Engine Europe
IWG Informal Working Group (of GRPE) VDC Volts Direct Current
LD/LDV  Light-duty engine/light duty vehicle WLTP Worldwide harmonized Light vehicles Test
LPG Liquefied petroleum gas Procedure
MD Medium duty engine
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