High-Voltage Current and Voltage Measurement

Fuel cell-electric drive functional test
Fuel cell powered vehicles are an essential part of the electromobility transformation. The core component of the powertrain is the electrochemical reactor, known as the fuel cell stack. Commissioning is
carried out on test benches and all essential functions are tested. Afterwards, the requirements for the
entire fuel cell-electric drive are checked with a system validation. All basic data of the entire system
are measured with high precision and the performance parameters are verified.

Fig. 1: Fuel cell vehicle equipped
with CSM HV measurement technology and HV Breakout Modules

The Background
The fuel cell stack is a series of individual fuel cells,
where the energy from the chemical reaction of
continuously supplied hydrogen and atmospheric oxygen
is converted into electrical energy in a so-called "cold
combustion". This requires a precise operating system that

feeds hydrogen, atmospheric oxygen
and moisture in a finely controlled manner. The stack is temperature controlled
by a cooling system.
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The fuel cell current is a measure of the current density
occurring in the stack. Depending on the characteristics
of the fuel cell, the output current leads to an actual fuel
cell stack voltage, which must be measured synchronously.
This stack voltage is composed of the number of fuel cells
in the stack. Without power output, the fuel cell stack has
a certain open circuit voltage which is also controlled in
all test runs.
The fuel cell-electric drive is usually a complete subsytem
of a vehicle provided by a supplier. In combination with the
other components of the vehicle powertrain, the result is
the overall vehicle performance and dynamics. The characteristics, functions and properties of the fuel cell-electric
drive are verified on test benches up to production release
with various tests.

The energy from the fuel cell stack is delivered to the DC/
DC converter, which serves all other high-voltage units
and components of a vehicle. They are interconnected
via the high-voltage vehicle electrical system. The power
electronics of the DC/DC converter also contain important
functions, such as setting the stack setpoint current for the
respective operating mode. The DC/DC converter also contains a boost converter, for example to 700 V for the motor
drivetrain (inverter and e-motor) and the traction battery.
Fuel cell electric vehicles usually have diverse operating
modes, depending on the selected operating strategy and
desired driving dynamics. The fuel cell stack provides the
necessary electrical energy for both the traction drive and
battery charging.
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Both the DC/DC converter, the traction battery and the electric motors (E-Axle) are connected to the fuel cell-electric drive system in the vehicle. It supplies the respective HV components with energy according to the operating mode. In the figure above on the right side, the entire vehicle powertrain is connected for testing. Further breakout modules are used to
measure the respective HV paths currents and voltages.

Fig. 2: Fuel cell-electric drive on the test bench. The fuel cell stack supplies the necessary power via a HV power distribution unit (PDU) for all other components. Energy consumers
are the HV aggregates for the media supply of the stack: HV cooling system, HV air compressor and other components connected for tests. CSM’s CAN-based Mini Modules measure volume flows, pressures and temperatures of the different media paths: Hydrogen path, air path, coolant path. The HV consumer currents of the coolant pump, heater and air
compressor are measured with HV breakout modules. A HV breakout module measures current and voltage to the DC/DC converter, which is used to calculate the delivered energy.

Test Bench

CAN

Air

Pressure

Anode
Membrane

HV BM 1.1

Hydrogen Gas Injector
Anode Recirculation Blower

Cooling System

Humidity

Flow

Temperature

Flow

Hydrogen

Vector VX

HV AD CAN

POD Plug on
Device

POD

Fuel Cell ECU

HV TH8 evo

AD4 pro MC10

Hydrogen Tank

High-Voltage Electrical System

PDU

Fuel Cell Stack with Media Supply

High-Voltage Current and Voltage Measurement
Fuel cell-electric drive functional test

Version 03.21

High-Voltage Current and Voltage Measurement
Fuel cell-electric drive functional test

Challenge
The functional tests cover all operating functions
such as cooling circuit, cooling control, heating,
hydrogen paths (anode path), air paths (cathode path),
high-voltage electrical circuits, sensor technology and fuel
cell control unit. High-precision measurement of a wide
range of physical parameters is required for functional
testing and validation of the fuel cell drive system. In addition to temperatures, volumetric flows, humidity and pressures, measurements of currents and voltages in the
high-voltage circuits are necessary. From these, the delivered energy, power and efficiency are calculated.
The individual sub-systems for hydrogen, air and cooling circuits are individually applied and commissioned. A defined
start-up process is carried out to start the fuel cell system.
After that, the specific system functions are tested: Cold
start behavior, warm-up phase duration, operating points,
thermal management or the cooling circuits. A functional
test proves whether the system behaves as it should, for
example whether all control parameters are set correctly.
With validation, the system requirements such as performance parameters, reaction speed to load changes or
service life are proven with tests and endurance runs.
Current, voltage and power measurements are used to
check correct operation in the various operating phases.
For example, the characteristic curve of the power during
the warm-up phase, for start-up, load changes, partial
load and peak load as well as various other distinctive
operating points.

The voltage ripple occurring in the HV-DC circuit must be
checked, because limits are defined for magnitude and
slope. The allowed ripple current load, for example, in peak
load operation must also be verified.
With the measurement of currents, voltages and powers
in the high-voltage paths, all transient processes are also
checked. For example, when the fuel cell stack is switched
on or when units such as the air compressor or the cooling system heater are switched on. Here, the current and
voltage curves must be viewed at a high sampling rate of
1 MS/s in order to evaluate voltage dips, amplitude slopes,
ripple magnitudes and interfering subharmonic frequency
components.
Ultimately, the specified efficiency curves of the fuel
cell-electric drive are demonstrated. The efficiency is the
energy delivered in relation to the hydrogen consumed. It
depends on the load point and the optimal supply of the
different media: hydrogen, atmospheric oxygen, humidity
and cooling. A non-optimal supply, for example of stack
humidification, leads to a drop in stack voltage.
Accurate measurement and analysis of current, voltage,
power and efficiency verify and prove all system-relevant
performance parameters of the fuel cell-electric drive.
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CSM Measurement Technology Solution
For direct current, voltage and power measurement,
a HV BM 1.2 Breakout Module is inserted in the HV+ and
HV- cables to the DC/DC converter and the battery.
Further Breakout Modules HV BM 1.1 measure the currents of the air compressor and the cooling system.
Simple current measurement can be performed via
CAN at sample rates of, 1 kHz, for example. For fast
measurements of current, voltage and power up to
sampling rates of 1000 kHz can be used, via EtherCAT®
(ECAT) bus. For current measurements inside auxiliaries,
CSM LEM sensor packs can be used, to be connected
via analog-to-digital modules (AD4 MiniModules) also
on the ECAT bus (Not shown in Figure 3).


Fig. 3: An XCP gateway 4S pro is used to synchronize and acquire
the EtherCAT data and to bundle the CAN data.

f The measured values from the Breakout Modules and

the LEM sensor packs are sent to an XCP-Gateway, which
converts the data into the XCP protocol and transmitted
to the test bench software via XCPonEthernet (XCPoE).

f The AD4 ECAT MiniModules are used to time-synchro-

nize the measurement of all other voltages required for
verification. At the stack supply all important physical
parameters of the supply are measured with additional
CSM low and high voltage modules. The sensors for
measuring volume flows, pressure and humidity are
connected to conventional AD4 and HV AD CAN Mini
modules. Temperatures are measured at high-voltage
critical points via HV TH8 evo modules. THMM 16 MiniModules are used at non-critical high-voltage points.

Fig. 4: HV Breakout Module 1.2 for measuring current, voltage and
power in the separate HV+ and HV- lines between fuel cell stack
and DC/DC converter.

Benefits
With the conventional and high-voltage measurement
modules from CSM, the test bench can be equipped
exactly according to the measurement requirements.
High-voltage measurement modules are used where measurements are made in high-voltage environment. Fast
EtherCAT measurement modules allow a high sampling rate
to assure that high-speed transient data is not missed.
High voltage breakout modules allow direct measurement
of high currents and voltages with calculation of instantaneous power in the HV cables. Measurement data are sent
to the test bench via CAN or for fast measurements with a
sampling rate up to 1 MS/s via EtherCAT.

CSM LEM sensor packages are used for current measurements at installation space constraints. These current
transformers are connected via a CSM ADMM4 measuring
module, which also performs the simultaneous voltage
measurement.
The integration into a test bench software like ETAS INCA
for fast measurement is very easy: The software add-ons
“CSM INCA AddOn ETH” allows an easy integration of the
CSM measurement modules into the INCA measurement
and analysis software from ETAS. The configuration is easily
done via a customized user interface.
For accurate power analysis, the Vector software vMeasure
exp with the eMobility Analyzer is ideal.
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Featured Products
HV Breakout Module - Type 1.2
CSM's HV Breakout Module (BM) Type 1.2 was designed for single-phase measurements of current, voltage and power. It is ideal for measurement on large
consumers such as electric motors equipped with separate HV+ and HV- cables.
The HV Breakout Module 1.2 is available in two versions for connection via cable
glands or PL500 plug-in system (HV BM 1.2C).

AD4 ECAT MM Series - Type IE1000
CSM's AD4 ECAT IE1000 measurement module is ideally suited for the most
accurate analysis of high-frequency signals with measurement data rates of up
to 1 MHz per channel. It offers a high-precision and unipolar sensor excitation
from 5 to 24 V DC for a variety of sensors, that is adjustable per channel.

XCP-Gateway Series
CSM's XCP-Gateway Series protocol converters were specially developed for CSM
EtherCAT® measurement modules and for measurement tasks with multiple
measurement channels and high measurement data rates. The XCP-Gateway
is available in "Basic" and "pro" versions. The "pro" version has two CAN interfaces via which CAN-based CSM measurement modules can be connected and
integrated into the XCP-on-Ethernet measurement data protocol. In the "pro"
version, temperature data from the HV Breakout Modules can also be transferred directly via EtherCAT®.

LEM Sensor Packages
CSM's LEM Sensor Packages allow fast and synchronous current measurements.
Highly dynamic current measurements (e.g., on all three phases on the inverter,
as well) with a threshold frequency of up to 200 kHz in a measurement range
of up to ±1,250 A can be carried out with this Sensor Package along with the
EtherCAT®-based measurement modules of the AD4 ECAT Series.

CSM provides you with comprehensive complete packages consisting of measuring modules, sensors, connecting cables
and software - customized to your individual needs.
Further information on our products are available on our website at www.csmproductsinc.com
or via e-mail info@csmproductsinc.com.
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Raiffeisenstraße 36 • 70794 Filderstadt
+49 711 - 77 96 40
sales@csm.de
CSM Office Southern Europe (France, Italy)
Site d´Archamps
178, rue des Frères Lumière • Immeuble Alliance – Entrée A
74160 Archamps France
+33 450 - 95 86 44
info@csm-produits.fr
CSM Products, Inc. USA (USA, Canada, Mexico)
1920 Opdyke Court, Suite 200 • Auburn Hills, MI 48326
+1 248 836-4995
sales@csmproductsinc.com
CSM (RoW)
Vector Informatik (China, Japan, Korea, India, Great Britain)
ECM AB (Sweden)
DATRON-TECHNOLOGY (Slovakia, Czech Republic)
Our partners guarantee you worldwide availability.
Feel free to contact us.

EtherCAT® is registered trademark and patented technology, licensed by
Beckhoff Automation GmbH, Germany.
All trademarks mentioned are property of their respective owners.
This document is subject to change without notice.
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