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Abstract—This paper deals with the development of a test
bench for mild hybrid drives used in construction machines.
Due to the special conditions under which construction machines
are operating this test bench needs to be adapted. Hence the
bearing of the electrical drive, which is mounted directly to the
internal combustion engine, the temperature control by a cooling
circuit and the integration of an appropriate inverter as well
as an electrical drive to complete the system are defining the
specific requirements of the test bench. These circumstances also
affect the measurements and have to be considered during the
evaluation of the results.

I. INTRODUCTION

Due to the latest development in the energy policy the need
for drives with reduced emissions is of increasing importance.
Mostly governmental standards have to be fulfilled by the
manufacturers of internal combustion engines (ICE). The use
of so called mild hybrid drives which represent a combination
of an ICE and an electrical drive is a promising solution for
this challenge. The electrical drive supports the ICE, if the
delivered power is insufficient. This allows reducing the engine
rating, which by consequence leads to reduced emissions.
Moreover the system is able to recover energy out of the
breaking process. In this case the electrical drive operates as a
generator. The energy is stored in a battery and can be retrieved
whenever needed. In either case the ICE is running, which
distinguishes the mild hybrid from the full hybrid. The full
hybrid in contrast to the mild hybrid is also able to accelerate
without assistance of the ICE. For this purpose the rating of
the electrical drive has to be increased in comparison to a mild
hybrid. Given that the ICE and electrical drive always run in
conjunction in a mild hybrid setup it is not necessary to deliver
the ability of splitting the ICE from the drive system. This is
essential for a full hybrid to prevent the losses arising from
the drag torque of the ICE.

The test bench has to be adapted to the particular re-
quirements of the tested machines, because of the special
construction of hybrid engines. The intended positioning of
the electrical drive is the space, which is normally occupied
by the flywheel. This solution helps saving space and keeps the
whole engine in its original size. The stator is directly mounted
to the enclosure of the ICE and the rotor is assembled to the
crane shaft. This results in no special bearing for the electrical
machine but it makes it impossible to test the machine without
the combustion engine. This results in the fact, that it has

to be assembled on the test bench in the same way like in
its final application. Another problem is the thermal behavior.
Both the ICE and the electrical drive are water-cooled by the
same water circuit, which leads to supplementary requirements
for the test bench. In general the temperature of the cooling
circuit can reach up to 90◦C. Therefore the test bench has to be
equipped with a water circuit delivering coolant at the desired
temperature, which results in a necessary water heating device.
Due to the necessity of identifying the complete thermal
behavior of the machine, the temperature has to be measured
at critical positions all over the machine.

Contrary to standard inverters which are normally used in
a dry and clean environment the inverter in this application
has to resist powerful water jets and must not be damaged by
dust. According to the international standard IEC 60529 the
protection rate of the enclosure and all parts beyond has to be
IP 69K. In order to save costs this is solved by rebuilding an
existing standard inverter and assembling it in a new enclosure.
To achieve accurate results the inverter is integrated in the test
bench in its rebuilded variant. For this reason the peripherals
such as the current transducers measuring the current, the
connectors determining the voltage and the supply of the
inverter have to be provided in an adapted manner by the test
bench.

Beneath the intended torque of the load machine the axis
of the test bench is loaded with the drag-torque of the ICE.
Contrary to usual test benches this drag-torque has to be
determined and requires an additional measurement. The result
of this measurement has to be considered by all subsequent
measurements which include the produced torque. For instance
capturing the exact torque is crucial for measuring the ef-
ficiency factor, which can be used in order to evaluate the
quality of the tested system.

II. ASSEMBLY OF THE TEST BENCH

The mechanical part of the test bench consists of the ICE
with the directly mounted electrical drive which is connected
to the load machine with a torque measurement flange. A
rotary encoder is mounted to this shaft, too.

In order to control the thermal behavior of the machine, a
cooling circuit is necessary which consists of several devices.
An ordinary water pump is circulating the coolant in a closed
circuit including an air cooler and a water heater. The volume



Fig. 1. Schematic overview of the test bench including the electrical
components, the ICE, the cooling circuit and main components of the
measurement setup

flow is controlled by several valves in order to regulate
the temperature of the electrical machine and the ICE. The
detailed scheme is shown in figure 1.

The tested electrical machine is connected with its own
inverter to a DC-Link which represents the high voltage battery
in the vehicle. In most measurements the DC-Link of the load
inverter is used to emulate this battery. In this case only the
losses has to be taken out of the grid and the main energy
flow is circulating. In other measurements the battery voltage
has to be reduced and a separate DC voltage source is used
to feed the inverter.

Fig. 2. Photo of the ICE on the left and the direct connected electrical drive
on the right

A. Measurement Setup

The complete measurement setup is shown in figure 3. The
input and output voltages and currents are measured by a
power analyzer to calculate the efficiency of the converter.
To evaluate the machine in the same operating points, the
mechanical data like rotational speed and torque is measured
by the analyzer, too.

Fig. 3. Schematic diagram of the electrical measuring setup in detail with
the assembled sensors, which are connected to the power Analyzer, and their
position in the test bench

B. Control of the test bench

The control of the whole testbench including the measure-
ments is done by one PC with interface cards. The inverter
of the tested machine is connected via CAN-bus in the
automotive protocol J1939. The software for the measurements
and control is handmade in the programming language C#.

III. EVALUATION OF THE TEST BENCH

First of all the test bench has to be evaluated before the
efficiency of the electrical machine and the power converter
for this special application can be estimated. Therefore the
total error of the measurement caused by the single errors of
the different measuring instruments and the mechanical losses
generated by the bearings of the ICE (drag-torque) have to be
specified.

A. Error calculation

The efficiency of the electrical machine (η1) can be spec-
ified by the ratio of the mechanical output power divided by
the electrical input power. For the efficiency a relative error
Eη1 exists, which is composed of the single error of each
measuring instrument:

Eη1 = Emech + Eel (1)

Figure 4 shows the curve of the calculated efficiency η1 and
the corresponding relative error Eη1 over the measured torque.
The relative error is less than 3% in the relevant area from
60 Nm up to 180 Nm. The relative error Eη2 of the efficiency
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Fig. 4. Calculated efficiency η1 and the corresponding relative error Eη1

of the power converter (η2) can be calculated in a similar way.
η2 is the ratio between the 3-Phase output and the DC input
power and the corresponding relative error Eη2 is:

Eη2 = E3P + EDC (2)

Figure 5 shows the diagram of the calculated efficiency η2
and the corresponding relative error Eη2 over the measured
torque. The relative error is also less than 3% in the relevant
area from 60 Nm up to 180 Nm.
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Fig. 5. Calculated Efficiency η2 and the Corresponding Relative Error Eη2

B. Losses of the ICE (drag-torque)

To determine the drag-torque of the ICE the stator of the
electrical drive has to be demounted to avoid an interaction of
the permanent magnets of the rotor with the iron of the stator.
The rotor is necessary because it is coupled with the load
machine directly. The temperature of the ICE also affects the
measured results. In particular, the viscosity of the oil changes
with its temperature. The ICE has to be heated to achieve a
relative constant temperature over the whole rotating speed
range. The graph in figure 6 describes the losses resulting
from the drag-torque in Nm versus the rotating speed.

-5

-4,5

-4

-3,5

-3

-2,5

-2

-1,5

-1

-0,5

0

0 500 1000 1500 2000 2500 3000

Nm

RPM
drag-torque ICE

Fig. 6. Drag-Torque of the ICE-Bearings

IV. MEASUREMENTS AND RESULTS

In this chapter the following measurements on the test bench
in order to evaluate the system are described:

• Temperature measurements
• Short-Circuit test
• Measurement of the efficiency
• Drag torque measurement

A. Temperature Measurements

The temperature measurements start with the heating of the
electrical drive and the ICE. For this purpose the temperature
of the coolant is raised to the target value and pumped through
the electrical drive. Because the ICE is not operating it repre-
sents a huge heat capacity with an immense surface conducting
the thermal energy to the ambient air. Reducing this effect
is important in order to achieve accurate results and can be
reached by pre-heating the ICE. The easiest method producing
thermal energy inside the ICE is to utilize the friction losses
of the bearings. In this period of pre-heating the load machine
is running with the maximum speed while the electrical drive
produces no torque. The temperature measuring in continuous
operation allows controlling the thermal dimensioning of the
machine. Therefore the machine is heated to the maximum
temperature of 160◦C by increasing the torque of the electrical
drive. This results in higher current values, which are causative
for the losses converted into thermal energy. The intention is to
determine the rate of the torque, when the temperature reaches
a steady state at its maximum value at least at one measured
position.

The graph in figure 7 represents a temperature measurement
on the test bench. In the first period the temperatures are
only slightly increasing. In this stage the electrical drive and
the ICE are pre-heating. After this procedure the electrical
drive is set to the maximum torque of 100 Nm resulting in
heavily rising temperatures, which reach and even exceed the
maximum rating at least at one measured position. To avoid
over-temperature conditions the torque is reduced to lower
values. In order to test the possibility of cooling down the



Fig. 7. Example of a Temperature Measurement. In the first 30 minutes the
ICE is heated. Afterwards it is loaded and the temperature is increasing. After
90 minutes the steady state is reached.

electrical drive via lower coolant temperatures the value of
the torque is resetted to 100 Nm while the coolant remains at
its lower value. Though, the measurements reveal that this
procedure is insufficient to keep the measured temperature
of the electrical drive under its maximum ratings. In the
proceeding measurements the steady state is determined by
slowly increasing the torque until the temperatures do not rise
anymore. This is repeated in the subsequent measurements
with a coolant temperature of 90◦C.

B. Short-Circuit Test

The short-circuit test delivers findings about electrical
losses, the current, the torque and the mechanical strength of
the windings. The tested machines are without exception per-
manent magnet synchronous motors (PMSM). Due to the fact
that these machines possess a permanent magnet, producing
the magnetic field, it is impossible to manipulate its strength.
Furthermore this implies that the current induced in the stator
is linked to the speed of the rotor. For this reason the plotted
graph describes the induced current depending on the rotating
speed. During the measurement the three phases of the stator
are shortcircuited and the current is captured while the speed
is increased from 0 to 1500 revolutions per minute.

Figure 8 shows the result of a short-circuit measurement.
At low speed the current rises at first linearly to the resistance
of the windings and wires. With rising speed the current gets
into the saturation. When the speed exceeds 400 revolutions
per minute the current already gains its steady state at 69.5 A.

C. Measurement of the Drag-Torque

To determine the drag-torque of the electrical drive caused
by the interaction of the permanent magnets of the rotor with
the iron of the stator the ICE has to be heated just like
during the ICE drag-torque measurements to achieve a relative
constant temperature over the whole rating of the speed. The
graph in figure 9 describes the losses resulting from the drag-
torque in Nm versus the rotating speed. These losses are
friction losses in the bearings of the ICE measured without
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Fig. 8. Short Circuit Current over the Rotational Speed

mounted stator. Additionally the figure shows the losses of
the electrical drive with mounted stator, which are caused by
the cogging force of the electrical drive.
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Fig. 9. Drag Torque of the ICE and the Electrical Maschine

D. Measurement of the Efficiency

The efficiency of the system and its components can be
determined by measuring the electrical and mechanical power
at three points in the system. These captured values are the
electrical power transferred to the inverter as well as from the
inverter to the electrical drive and in addition the mechanical
power produced by the electrical drive. These values are
necessary to calculate the efficiency factor of the inverter, the
electrical drive and the entire system.

Temperature has a significant influence on the efficiency
factor. Therefore the efficiency measurement is done at differ-
ent temperatures and subsequently averaged. Figure 10 shows
all measured points before they are averaged.

V. CONCLUSION

The test bench described in this paper is able to fulfill the
requirements resulting from the fact that the tested machines
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are used in construction machines. Thanks to the developed
measuring methods of significant characteristic values like the
efficiency of the system by determining distractive effects like
the drag-torque of the ICE it is possible to deliver accurate
results and qualify the tested machines. This can be confirmed
by the results of the error calculation. The relative error of the
efficiency measurement is less than 0.45 % in the operating
point of the tested machine.
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