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Abstract: The Faculty of Engineering of the University of Debrecen has a long-standing tradition of
developing electric and pneumatic-driven prototype race cars. These vehicles are regular participants
in domestic and international university competitions. For more conscious development, thus, for
more successful racing, a vehicle dynamics simulation program was developed by our research
group. One of the main parts of the above program is the simulation of the drive system, including
the electric motor. The input data for the motor simulation programs are the electromagnetic and
dynamic characteristics of the motor. Most of these characteristics are usually not specified in the
motor catalogue; thus, they have to be measured. In this paper, a detailed description of a recently
developed measurement system (MS), which is capable of measuring all the above-mentioned
characteristics, is presented. Additionally, by applying it, test measurements can also be performed
on the motors to check the accuracy of the output functions generated by the simulation programs.
Several experimental arrangements and procedures for specific experimental tasks are also presented
here as examples for the application of the MS.

Keywords: electric motor; electromagnetic and dynamics characteristics; measurement system;
dynamic modelling and simulation

1. Introduction

Nowadays, the contribution of hybrid- and electric-powered vehicles to modern road
transport is growing rapidly. Therefore, research on electric [1–3] and pneumatic [4,5]
motors applied in them play an increasingly important role, not only in the automotive
industry and research institutes but also at universities [5,6].

Adapting to these modern trends, the Faculty of Engineering of the University of
Debrecen has been dealing with the development and construction of alternative-driven—
primarily pneumatic and electric—prototype race cars for more than a decade [6–9]. With
these vehicles, student teams from the faculty regularly participate in various international
and domestic competitions. To support the development work, thereby contributing to
effective racing, a simulation program [10] has been realized in MATLAB/Simulink envi-
ronment to compute the dynamics functions (covered distance-, velocity-, acceleration-time
functions) of a vehicle from its technical data. An essential part of the above program is
the simulation of the drive system, including the electric or pneumatic motor. Regard-
ing electric motors, their electromagnetic and dynamic characteristics serve as input in
our [10–13] and other [14–18] simulation modules. The characteristics mentioned above
can be, among others, the electric resistance, dynamic self and mutual inductance of motor
windings, back EMF, brush voltage, braking torque and moment of inertia of the rotor.
Unfortunately, most of these characteristics are not specified in the motor catalogue, so
they have to be measured. Primarily, missing parameters has motivated us to develop a
complex measurement system (MS) for the experimental study of electric motors. Another
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motivation was to be able to check the accuracy of the output functions—generated by the
simulation programs—experimentally.

Several different types of electric motor test benches are commercially available, but
this equipment is usually developed for specific applications and cannot be modified or
developed by the users to serve additional special experimental needs.

In the scientific literature, test benches and measurement systems for electric motors
are also presented and described, but the descriptions are usually not detailed enough for
the readers to realize those systems.

In Reference [19], a complex measurement system for determining the characteristics of
electrical machines is presented. This system can measure all the electrical and mechanical
characteristics of the tested motor. Additionally, it is equipped with a control unit and a
noise and vibration meter. In Reference [20], a novel and economical motor test bench is
presented to measure the electrical and mechanical parameters of single and three-phase
AC motors. The test bench can perform the following experimental tasks: load test, no
load test, locked rotor test, temperature rise test, losses measurement, measurement of DC
resistances of windings, measurement of torque-speed and current speed characteristics.
However, Reference [20] does not deal with the study of DC motors. Additionally, it
does not provide experimental setups and procedures for measuring the back EMF and
the (dynamic) self and mutual inductances of motor windings. In [21], a measurement
system is described for determining the flux-linkage and torque characteristics (versus
current and rotor position) of switched reluctance machines, but experimental setups and
procedures for measuring other motor characteristics are not given. Reference [22] focuses
on measuring and evaluating the mechanic, electric and control quantities of AC servo
motors and their potential usage in the complex dynamic measurement of mechanism.
In [23,24], test benches are presented for developing electric vehicle powertrains and for
the study of propulsion drives of electric vehicles, respectively. Based on the related
scientific literature review, it can be concluded that besides Reference [19], all the presented
systems are developed for more specific applications than our system. The “power” and
“measurement” units of the system in [19] are similar to the corresponding ones in our
equipment (see Section 1), but the technical solutions in many cases are different. It
must be emphasized that the description of this system is not detailed enough to make a
thorough and detailed comparison, thereby seeing the advantages and disadvantages of
the two systems.

In the framework of the Thematic Excellence Programme—launched by the Hungarian
Ministry of Innovation and Technology in 2019—several research groups were established
at the University of Debrecen in the field of the automotive industry. One of these groups
is the Research Group of Vehicle Energetics, which our research group joined in 2019.
We could access significant financial support for instrumental developments within the
above-mentioned Thematic Excellence Programme framework. Thanks to this support,
developments started, and the MS is almost complete now; only minor developments are
missing. Applying the MS, all the electromagnetic and dynamic characteristics of an electric
motor can be measured. Additionally, test measurements can be performed on it to validate
the output functions generated by the developed motor simulation program.

In Section 1, a detailed description of the MS is given, while in Section 2, experimental
arrangements and procedures for measuring the dynamics and electromagnetic charac-
teristics of an electric motor and test measurements are presented as examples for the
application of the MS.

2. Description of the Measurement System

The described measurement system is entirely designed by the authors. Many of
its units and elements are individually manufactured. The authors applied many novel
technical solutions during the design and construction. Some of these solutions are the
design and configuration of the switch cabinet, using the starting resistor of a tram as
a high-power load resistor, the design and configuration of the AC power source with
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variable voltage and frequency, and the application of the NI 9239 voltage input module as
the main instrument in the data acquisition system. During the development, the authors
utilized their many years of experience gained during experimental work. Figure 1 shows
a photo of the MS consisting of three main units.
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Figure 1. Photo of the measurement system.

These units are:

(1) Motor test bench including the analyzed and load/drive motor together with the
connected data acquisition system;

(2) Control desk and switch cabinet, including a special load resistor;
(3) AC power source with variable voltage and frequency.

The following subsections give a detailed description of the units mentioned above.

2.1. Motor Test Bench

Figures 2 and 3 show a schematic diagram and a photo of the motor test bench.
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2.1.1. The Bench, the Analyzed and Load/Drive Motor

The rigid bench is bolted to a welded base frame attached to the floor of the building.
The analyzed motor, with its controller and “accelerator pedal”, the load/drive motor, the
optical LED and rotary torque sensors are fixed to the bench. The analyzed motor can be
any kind of electric motor, in certain cases equipped with its controller and “accelerator
pedal”. It must be emphasized that the controller is not a part of the measurement system;
thus, a description of it is not given here. Foot and flanged motors can also be fixed to
the bench by applying custom-made adapters. The fixing of the optical LED and rotary
torque sensors is solved by magnetic base stand holders. The load/drive motor can be
freely moved on the rigid bench in directions x and slightly y, while the analyzed motor is
in direction z. Therefore, the proper alignment of the shafts can be adjusted by applying a
dial gauge or a laser shaft alignment tool.

The load/drive motor is a three-phase induction motor, and as its name suggests, it
has a dual function:

(1) It can be supplied by a variable DC voltage (0–400 V) and used as a “load motor” for
braking the analyzed motor.

(2) It can be supplied by a three-phase AC voltage with a variable voltage (0–400V) or fre-
quency (0–50 Hz) and can be used as a “drive motor” for driving the analyzed motor.

2.1.2. Data Acquisition System

In Figure 2, the different parts of the applied data acquisition system are also presented.
These parts are:

(1) Optical LED (ROS-P, Monarch Instrument) and rotary torque (HBM T22/200) sensors
for angular speed and torque measurement.

(2) Shunt resistor for the measurement of the intensity of the electric current flowing
through the windings of the motor.

(3) The voltage input module (NI 9239) and compact DAQ chassis (NI USB 9162) together
with a PC.

(4) Self-developed software component for data collection, processing and storing.

The measured torque, angular speed and current intensity are converted to voltage
signals by the sensors and the shunt resistor and fed into the NI voltage input module,
which is connected to a PC through the Compact DAQ Chassis.

The optical LED sensor operates from a DC power supply (6 V). It provides a UOLS = 6
or 0 V output voltage signal depending on whether light is reflected from the rotating object
to the sensor. To do this, reflective strips are fixed to the circumference of the rotating object
(e.g., to the shaft of the motor). The maximum angular speed which can be measured by the
sensor is 25,0000 RPM, but applying more than one strip, this maximum value is reduced.
To check the accuracy of the value measured by the optical led sensor, we measured the
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speed of the drive motor in the 0–3000 RPM range and compared it with the value shown
by the frequency converter. The measured values showed good agreement. The optical
LED sensor and its output voltage signals can be seen in Figure 4.
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The output voltage signals are counted by applying our self-developed NI LabVIEW
program [25], and the angular speed is calculated from the number of strips (Nstrip) and the
number of detected voltage signals (Nsignal) in a short ∆t time using the following formula:

ω =
2π

∆t
·
Nsignal

Nstrip
(1)

The rotary torque sensor is connected to the analyzed and load/drive motors through
clutches. The size of the applied clutches depends on the maximum possible torque
delivered by the motors to the sensor. The applied torque sensor has a nominal (rated)
torque of 200 Nm, and its accuracy class is 0.5%. (It must be emphasized that the T22 torque
meter is available with rated torques varied in the range of 0.5–1000 Nm.) The torque
measured by the sensor is linearly proportional to its output voltage, and it is 200 Nm at
5 V (Figure 5).
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Two shunt resistors (Figure 6) with voltage drops of 60 and 75 [mV] at 100 and
300 [A] nominal current intensities are used for measuring the intensity of the electric
current flowing through the windings of the analyzed motor. Thus, the maximum current
intensities we can measure safely are 100 and 300 [A], respectively.
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The NI 9239 voltage input module has four channels with an allowed input voltage
range of −10 V to 10 V for each channel. If the voltage to be measured is outside this range,
a voltage divider with a division ratio of 1:11 is used. The module’s maximum sample rate
and analog input resolution are 50 kHz and 24 bits, respectively. The module has an analog
input isolation on a channel-to-channel basis; thus, the entire system is protected from
harmful voltage spikes up to the isolation rating. In addition to safety, isolation eliminates
measurement errors caused by ground loops because the front end of the module is floating.
The voltage input module is connected to the PC through an NI USB-9162 device (National
Instruments, Debrecen, Hungary), which is a Single-Module Carrier Compact DAQ Chassis.
The self-developed software component of the MS is implemented in NI LabVIEW, Java
SE and VBA with an underlying MySQL database. Applying the software component, the
measured quantities can be monitored in real time, displayed graphically, and stored in
a database for later use. A detailed description of the software component can be found
in Reference [25].

2.2. Switch Cabinet, Control Desk and Load Resistor

To operate the electric devices (analyzed motor, load/drive motor, frequency con-
verters, sensors, battery charger) in the MS, appropriate power sources are necessary. A
multifunctional switch cabinet and a control desk were developed to ensure them. Figure 7
shows a photo of the above equipment.
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In Figure 8, photos of the inside (a) and outside (b) of the switch cabinet are presented.
The photos have been labelled for a more straightforward description.
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In Figures 10 and 11, the wiring diagrams of the switch cabinet and the control panel
are presented.
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Figure 10. Wiring diagram of the switch cabinet and control panel (diagram 1).
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In Figures 10 and 11, S1, . . . , S10 and F1, . . . , F10 are contactors and fuses, while
K0, . . . , K5, K7, K8 are switches and Rload, Rshunt1, Rshunt2 are the load and shunt resistors.
From the wiring diagrams, the following combinations can be read:
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(C1) If switch K0 is closed, sockets 1–3 are supplied with 230 V 50 Hz AC.
(C2) If switches K0 and K5 are closed, sockets 8–13 are supplied with 220 V one-phase

50 Hz AC.
(C3) If switches K0 and K1 are closed, socket 4 is supplied with 400 V three-phase

50 Hz AC.
(C4) If switches K0 and K2 are closed, sockets 6–7 are supplied with 400 V three-phase

50 Hz AC.
(C5) If switches K0, K4 and K7,2 are closed, socket 5 is supplied with 400 V three-phase

50 Hz AC.
(C6) If switches K0, K4 and K7,4 are closed, socket 5 is supplied with 400 V three-phase AC

with a variable frequency between 0 and 50 Hz. Changing the frequency is solved by
the frequency converter in Figure 8a.

(C7) If switches K0, K4 and K7,6,I are closed, socket 5 is supplied with three-phase AC with
a variable voltage between 0 and 400 V. Changing the voltage is solved by the variable
toroidal transformer in Figure 9.

(C8) If switches K0, K4 and K7,6,I I are closed, socket 5 is supplied with DC with a variable
voltage between 0 and 400 V. Changing the voltage is solved by the variable toroidal
transformer in Figure 9. The rectifier can be seen in Figure 8b.

(C9) If switches K0 and K3 are closed, we can use DC, which is obtained from four car
batteries. Changing the resistance of the load resistor (0–7 Ω), the intensity of the
electric current in the circuit can be varied.

The load resistor is a high-power resistor originally used as a starting resistor of a
tram. Thus, it can be applied at very high current intensities.

Combinations C1–C5 can be used for everyday applications, while C6 and C8 can be
used when we use the three-phase induction motor (Figures 2 and 3) as a drive and load
motor, respectively. Combination C7 can be used to provide supply voltage to an AC, while
C6 and C9 to a DC motor. It must be emphasized again that the analyzed motor can be
any type of AC or DC motor. Combination C9 can also be used for investigations when
a direct current with strictly constant—but wide-range variable—intensity is necessary.
One example is the measurement of the mutual dynamic inductance between the stator
and rotor windings of a series-wound DC motor [26]. Another example is when an electric
current with a strictly constant intensity is necessary for the measurement of the pure
electric resistance of a winding.

2.3. AC Power Source with Variable Voltage and Frequency

The schematic diagram of the AC power source is shown in Figure 12.
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Figure 12. Schematic diagram of the AC power source with variable voltage and frequency.
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The power source produces a clean sinusoidal three-phase AC with variable voltage
and frequency (typically 5–50 Hz) on its output. To realize this, an externally excited
synchronous generator (the stator windings are excited by variable DC) is driven by a
three-phase induction motor supplied by a three-phase AC through a frequency converter.
The output frequency of the power source (5–50 Hz) is adjusted by the frequency converter,
while its output voltage is by the variable DC on the stator windings of the synchronous
generator. It has to be emphasized that for experimental work, only one phase is used
from the three output phases of the power source. The application of the power source is
presented in Section 2, and photos of it are in Figure 13.
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3. Applications of the Measurement System

The authors have developed the measurement system for the experimental study
of electric motors applied in vehicle drives. So far, a 4 kW series-wound DC motor has
been studied, and the investigation of an 800 W brushless DC motor is in progress. The
measurement system has numerous applications, some of which are presented here as
examples. The measured characteristics so far are the electric resistance, dynamic self- and
mutual inductance of motor windings (2), brush voltage, braking torque and moment of
inertia of the rotor. The detailed description of the experimental and evaluation procedures,
together with the application of the measured characteristics for modelling and simulation
purposes, are described in detail in [26,27]. It should be emphasized that the range of
applications is expanding, and some new applications may require further development of
the measurement system. Current applications can be divided into two groups:

(1) The measurement of the dynamics and electromagnetic characteristics of an electric motor.
(2) Test measurements on an electric motor.

As mentioned before, the dynamics and electromagnetic characteristics serve as input
data for the motor simulation modules, while the test measurements are applied to check
the accuracy of the output functions generated by the simulation modules. In Section 2.1,
examples for the first are given, while in Section 2.2, examples are given for the second
group. Some of the examples can be applied to any type of electric motor, while others only
to particular motor types. In the second case, the type of the motor is specified when the
application is described.

3.1. Measurement of Dynamics and Electromagnetic Characteristics
3.1.1. Measurement of Braking Torque and Moment of Inertia

Figure 14 shows an experimental setup for measuring the braking torque on the rotor
of an electric motor vs. its angular speed.
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Figure 14. Experimental setup for the measurement of the braking torque on the rotor of an
electric motor.

The braking torque includes the bearing, the windage and the brush friction torques
and may include other kinds of torques depending on the type of the motor. During the
measurement, the three-phase induction motor is connected to Socket 5 and used as a
“drive motor” (C6, Section 2.2).

Experimental Procedure

Applying the frequency converter, the speed of the “drive motor” is increased in small,
equal steps from zero. At each step, the angular speed and the torque on the rotor of the
analyzed motor are measured. (During the measurements, the angular acceleration of the
rotor is zero.) After that, the measured torque can be given versus the measured angular
speed. Since the measured torque is the braking torque of the rotor, finally, we obtain the
function Mbrake(ω). It must be emphasized that the measurement of the braking torque,
when applying the above procedure, is only possible if a torque meter with a very low
nominal (rated) torque and value of accuracy class is applied (typically: <0.5 Nm and
<0.5%). If such a torque meter is unavailable, or if we do not have a torque meter, the
experimental setup and procedure in References [28,29] for the simultaneous measurement
of the braking torque and moment of inertia can be applied.

In Figure 15, an experimental setup for measuring the moment of inertia of the rotor
of an electric motor is presented.
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Figure 15. Experimental setup for the measurement of the moment of inertia of the rotor of an
electric motor.

Experimental Procedure

During the measurement, the three-phase induction motor is plugged into Socket 5
and used as a “drive motor”. Its shaft is connected to the shaft of the analyzed motor
through a releasable clutch. Applying the frequency converter, the speed of the “drive
motor” is increased until it reaches its maximum speed. After that, the clutch is released,
and the rotor of the analyzed motor slows down until it stops. During the retardation,
its angular speed is measured by the optical LED sensor. From the measured angular
speed vs. time function, its angular acceleration vs. time function can be calculated by
derivation. After that, its angular acceleration can be given as the function of its angular
speed (ε(ω)). From function ε(ω) and the previously measured Mbrake(ω) function, the
moment of inertia of the rotor can be calculated as:

Jrotor =
Mbrake(ω)

ε(ω)
(2)

In the case of a successful experiment, the calculated moment of inertia has a constant
value in a wide angular speed range.

3.1.2. Measurement of the Electric Resistance, Dynamic Self and Mutual Inductance of
Motor Windings

Figure 16 shows an experimental setup for measuring the electric resistance of the
stator or rotor winding of an electric motor.
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Figure 16. Experimental setup for measuring the electrical resistance of motor windings.

Experimental Procedure

In the figure, Rw and Lw denote the electric resistance and inductance of the winding.
During the experiment, the voltage drops on the winding (Uw) and the shunt resistor
(Ushunt) are measured at constant current intensity. The intensity of the current flowing
through the winding (Iw) can be calculated from the voltage drop on the shunt resistor.
Varying the intensity of the current with the variable load resistor, Uw can be given as a
function of Iw. If the heating of the winding and shunt resistor is negligible, this function is
linear, and its slope gives the electric resistance of the winding. It must be emphasized that
in the case of a brushed motor, the voltage drop on the rotor winding cannot be measured
through the carbon brushes. If we do this, the brush voltage will also be included, and
the function mentioned above will not be linear. The details of this phenomenon and the
measurement procedure of the brush voltage can be found in References [26,30].

In Figure 17, an experimental setup for measuring the self-dynamic inductance of a
motor winding is presented.
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Experimental Procedure

The winding of the analyzed motor is excited by the AC power source presented in
Section 2.3. During the measurement, the voltage drops on the shunt resistor (Ushunt) and
the winding (Uw) are measured as the function of time. From the voltage drop on the shunt
resistor, the current intensity through the winding (Iw) can be calculated. After that, the
magnetic flux over the winding is calculated by the following formula:

ψw(t) =
∫ t

0
(Uw(t)− R·Iw(t))·dτ +ψw(0) (3)

From the ψw(t) and Iw(t) functions, the self-dynamic inductance can be calculated as
a function of current intensity (Lw(Iw)). The detailed mathematical procedure is presented
in [26], together with experimentally determined self-dynamic inductances for a series-
wound DC motor. The application of these inductances as input characteristics of a motor
simulation program module is also presented in [26].

Figure 18 shows an experimental setup for measuring the mutual dynamic inductance
between the stator and rotor windings of a series-wound DC motor.
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Figure 18. Experimental setup for measuring the mutual dynamic inductance between the stator and
rotor windings of a series-wound DC motor.

Experimental Procedure

The stator and rotor windings have to be electrically disconnected during the mea-
surement. The stator winding is supplied with direct current. The armature winding is
rotated at a fixed, constant angular speed ω in the magnetic field of the stator winding,
and the voltage (Urw) induced in it is measured. For rotating the armature winding, the
three-phase induction motor is used in the “drive motor” mode (C6, Section 2.2). The
intensity of the current flowing through the stator winding (Isw) is varied, by adjusting the
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resistance of the load resistor (Rload). The mutual dynamic inductance can be calculated
from the quantities above according to the following formula:

Ls,r =
Urw

ω·Isw
(4)

It must be emphasized that at a given Isw current intensity, the Urw
ω ratio is independent

of the value of ω. Thus, the mutual dynamic inductance is a motor characteristic which
depends only on the intensity of the current flowing through the motor. The experimentally
determined mutual dynamic inductance for a series-wound DC motor is presented in [26],
with its application as an input characteristic of a motor simulation program module.

It is important to note that by applying a very similar experimental setup and proce-
dure, the Back EMF of a Permanent Magnet Synchronous (PMS) or a Brushless DC (BLDC)
motor can also be measured.

3.2. Test Measurements on an Electric Motor

In this section, two different kinds of test measurements are presented. The first one is
called “locked rotor response test” or “static test”, while the second one is “dynamic test”.
In Figure 19, an experimental setup is shown for both kinds of test measurements. The
analyzed motor is a series-wound DC motor in both cases, but the setup is almost the same
for any type of analyzed motor.
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Figure 19. Experimental setup for static and dynamic test measurements.

During a “static test”, the steel disc in figure is fixed with a disc brake; thus, it cannot
rotate. A “static test” is used to check the accuracy of the measured electromagnetic
characteristics of the motor, as well as the proper operation of our simulation program.
During the test, voltage is switched on the analyzed motor, and the time dependence of
the torque, the voltage on the motor, and the intensity of the current flowing through it are
measured. The results of a “static test” on a series-wound DC motor are presented in [26]
and compared with simulation results.

During a “dynamic test”, the steel disc in figure can freely rotate. A “dynamic test” is
used to check the accuracy of the measured dynamics characteristics of the motor, as well
as the proper operation of our simulation program. During the test, voltage is switched on
the analyzed motor, and the rotor spins up from rest until it reaches its maximum speed.



Appl. Sci. 2022, 12, 10095 16 of 18

During the spinning up, the time dependence of its angular speed, the torque, the voltage
on it, and the intensity of the current flowing through it are measured. The results of a
“dynamic test” on a series-wound DC motor are presented in [27] and compared with
simulation results.

In the case of a “dynamic test”—instead of the steel disc—the three-phase induction
motor can also be used as a loading (C8, Section 2.2). Figure 20 shows the experimental
arrangement which is used in this case.
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Varying the DC supply voltage (0–400 V) of the “load motor”, the braking torque
applied on the analyzed motor can be varied.

4. Conclusions

A detailed description of a recently developed complex measurement system is pre-
sented in this paper. The MS can measure the dynamics and electromagnetic characteristics
of electric motors, which serve as input data for self-developed motor simulation modules.
These characteristics can be, among others, the electric resistance, dynamic self and mutual
inductance of motor windings, back EMF, brush voltage, braking torque and moment of in-
ertia of the rotor. Additionally, applying the MS, test measurements can also be performed
on the motors to check the accuracy of the output functions generated by the simulation
modules. The maximum power that can be measured safely by the system is 4 kW. The
maximum theoretical value of the measured angular speed is 250000 RPM, which is limited
by the optical LED sensor. The MS, in its recent form, is capable of measuring current
intensities in the range of 0–300 A and torque up to 200 Nm (the accuracy class of the
torque sensor is 0.5%). As examples of the application of the MS, several experimental ar-
rangements and procedures for specific experimental tasks were also presented here. These
examples are helpful for users who deal with the study of electric motors, including their
dynamic modelling and simulation. It should be emphasized that the range of applications
is continuously expanding, and some new applications may require further measurement
system development. Shortly, we intend to study different types of modern electric motors,
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including a PMSM and a BLDC motor, applying the MS. The development of the necessary
motor simulation program modules is in progress.
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