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Abstract

ardware-in-the-Loop is a common and established

testing method for automotive developments in order

to study interactions between different vehicle compo-
nents during early development phases. Hardware-in-the-
Loop setups have successfully been utilized within several
development programs for conventional and electrified
powertrains already. However, there is a particular shortage
of studies focusing on the development of inverter controls
utilizing Hardware-in-the-Loop tests. This contribution shall
provide a first step toward closing this gap. In this article,
inverter controls with different pulse width modulations for
varying modulation index are studied at a Hardware-in-the-
Loop setup. Thereto, the inverter control for an interior
permanent magnet synchronous machine is developed
utilizing space vector pulse width modulation with
overmodulation. The starting point for the inverter control
implementation includes power and loss analyses for the
power electronic inverter as well as for the interior permanent
magnet synchronous machine at a laboratory test bench.
Comparing space vector pulse width modulation with and

. Introduction

he investments in time and costs for automotive devel-

opment programs of new electric powertrains are
Automotive development programs usually follow the so
called V-Cycle with particular periods for system specification
and implementation, system integration as well as system tests
and validation, see also Figure 1. During the development
program, the system is specified and implemented from a
macroscopic to a microscopic level increasing the depth of
detail over time. Originally, the specification and implementa-
tion process is sequentially followed by the integration and
thereafter, by the testing and validation processes. However,
these three processes can be parallelized by rescheduling
testing and validation tasks to earlier program phases. This
approach is usually referred to as frontloading [1, 7]. Applying
frontloading, potential errors can be detected and appropriate
design changes can be applied in earlier program phases.
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without overmodulation, it is determined that the system
losses are reduced by 9 % and the power is increased by 8 %,
which verifies the performance improvement by applying
overmodulation. In addition, a real-time vehicle dynamics
simulation of a battery operated electric powertrain is devel-
oped. The required driving resistance parameters for the
vehicle dynamics simulation are verified based on defined
vehicle coast down test results. The vehicle dynamics simula-
tion is combined with the inverter control and the test bench
components to a Hardware-in-the-Loop setup complying with
real-time conditions. The power of the interior permanent
magnet synchronous machine is increased by virtual scaling
of its active length, which demonstrates the testing variability
of the Hardware-in-the-Loop setup. This modified electric
powertrain and the newly developed inverter control are
tested in the class 3 worldwide harmonized light vehicles test
cycle. The interactions between the inverter control and the
electric powertrain are analyzed and the results are discussed.
Moreover, the Hardware-in-the-Loop methodology’s ability
to accelerate the development process for automotive applica-
tions is demonstrated.

Hence, development investments for error fixing and design
For frontloading, Hardware-in-the-Loop (HiL) is an
established testing and validation approach. Applying HiL
testing, the device under test is coupled to a real-time simula-
tion of the remaining system in order to simulate the effects
of the device under test on the remaining system and vice
versa. Thus, instead of testing the device under test isolated
from the remaining system, the interactions between system
components can be investigated at a HiL setup [10].

For electric powertrains, HiL tests can be distinguished
between signal, electric and mechanical levels [11, 12, 13]. On
the signal level, only the control unit is investigated as a
physical component in combination with a real-time simula-
tion [14]. In addition to the control unit, the power electronics
are tested as real components on the electric level [15, 16]. On
the mechanical level, the electric traction machine is added
to the control unit and power electronics at the test bench,
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m Reduction of development investments by
frontloading during the development V-Cycle, modified
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while the remaining system is simulated by the real-time
simulation. In this article, an inverter control algorithm is
investigated at a HiL setup on the mechanical level. HiL tests
have successfully been performed on the mechanical level for
conventional powertrains [10, 17, 18, 19] as well as for electri-
in [25], different energy storage systems of a parallel hybrid
powertrain have been studied. Another contribution focused
on torque vectoring of a battery electric vehicle (BEV), where
the interactions between an induction machine and the simu-
lated vehicle dynamic behavior were investigated [24]. In [13],
a HiL setup was applied to an electrified hydraulic system of
a working vehicle. However, there is a particular shortage of
studies that consider mechanical HiL setups in order to study
inverter controls with different modulations. This contribu-
tion shall provide a first step toward closing this gap in order
to demonstrate how HiL setups can provide a testing scenario
for the seamless development of inverter controls in a
vehicular environment.

In this article, an inverter control including a space
vector pulse width modulation with overmodulation is devel-
oped and tested in a HiL setup. Thereto, the real-time vehicle
simulation, the inverter control and the test bench setup with
virtual scaling of the active length of the IPMSM are described
in chapter II. In addition, performance analyses of the IPMSM
are conducted at a laboratory test bench in order to verify a
power increase of 8 % and a system loss reduction of 9 % by
the operation of space vector pulse width modulation with
overmodulation (SVPWM-OM) compared to the operation
of space vector pulse width modulation without overmodula-
tion (SVPWM). As electric traction machine, an interior
permanent magnet synchronous machine (IPMSM) has been
chosen. The test bench is combined with a real-time simula-
tion of a BEV to a HiL setup utilizing virtual scaling of the
active length of the IPMSM, which demonstrates the test
variability of the HiL setup. In chapter I1I, the class 3 world-
wide harmonized light vehicles test cycle (WLTC) is conducted
and the results of the inverter control with SVPWM for
varying modulation index during dynamic operation are
analyzed. Thereafter, the conclusions are presented in
chapter IV.
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1. Method - Hardware-in-
the-Loop Setup
Approach

A schematic of the most relevant components of the test bench
setup is shown in Figure 2. In the upper area of Figure 2 is the
DC source for the power supply of the test bench. The DC
source is connected to the power electronics of the load
machine as well as the power electronic inverter of the IPMSM.
The inverter of the IPMSM is controlled by the processor
which includes the inverter control and the real time
vehicle simulation.

Real-Time Vehicle Simulation

The proposed vehicle simulation for the HiL setup consists of
alongitudinal vehicle dynamics simulation including virtual
scaling, a driver model as well as a powertrain control
unit (PCU).

Vehicle Dynamics Simulation In this contribution, a
battery electric vehicle (BEV) is investigated. The vehicle
parameters are listed in Table 1 and describe an A segment
BEV containing a traction battery with a system DC voltage
of 200 V, an inverter and an interior permanent magnet
synchronous machine (IPMSM). The IPMSM consists of four
pole pairs and delivers a maximum torque of 250 Nm and a
maximum mechanical power of 30 kW. The IPMSM is
connected to the wheels by a fixed gear set and a final drive.

Similar to [27], a simplified vehicle model is considered.
With the assumption of an ideal wheel behavior without slip,
the longitudinal vehicle dynamics equation yields to:

AVt
At
dt

The effective vehicle mass m includes the inertia of the
rotating powertrain components. Using the vehicle parame-
ters from Table 1 in addition to the density of the air, as well
as the road grade, the air drag force F, the rolling resistance
force F,, and the gravity force F, are determined. F, is the

g
accelerating force at the vehicle’s center of gravity. It is

=F-F-F-F,. 1)

m Hardware-in-the-Loop setup with test bench
components and processor for inverter control and
vehicle simulation.
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TABLE 1 Overview of relevant vehicle parameters.

Parameter Value

General Effective vehicle weight 1310 kg
vehicledata  prag coefficient 043 -
Vehicle cross-section area 2.25 m?
Rolling friction coefficient 0.01 =
Wheel radius 0295 m
Battery Total gear ratio 1.95 -
electric Maximum torgue of IPMSM 250 Nm
powertrain 1 ximum power of IPMSM 30 kW
System voltage (OCV) 200 V

calculated with the IPMSM torque M, the friction brake
torque My, the wheel radius r,, and the total gear ratio io,:

Mact * Lotal + Mﬁ'ict

Tw

E = @

rW

For this HiL setup, the IPMSM torque is measured by the
torque flange at the test bench and is utilized as input for the
vehicle dynamics simulation illustrated in Figure 2. However,
since the maximum power of the IPMSM is physically not
sufficient to accelerate the vehicle according to the WLTC
reference velocity, the measured torque is multiplied by a
virtual scaling factor of 1.5. Applying virtual scaling, the active
length of the IPMSM is assumed to be 1.5 times longer than
the active length of the original IPMSM at the test bench,
which leads to a virtual increase of the IPMSM torque. This
demonstrates the testing variability of the HiL setup. Thus,
applying virtual scaling, HiL tests can provide further percep-
tions about the vehicle performance with different motorizations.

The output of the vehicle dynamics simulation is the set
point of the IPMSM speed #n,, which is transmitted to the
inverter control and the load machine of the test bench. The
IPMSM speed is based on the actual vehicle velocity v, which
is obtained from integration of equation (1).

Driver Model The actual vehicle velocity v, and the refer-
ence velocity v, of the WLTC are the inputs of the driver
model. A proportional integral (PI) control driver model with
anti-windup strategy is applied here [28]. The driver model
minimizes the difference between reference and actual vehicle
velocity by setting the driver command value ¢. The driver
command value ranges between —1 and 1, where negative
values imply desired braking, and positive values acceleration.
The driver command value is sent to the PCU.

Powertrain Control Unit The PCU interprets the driver
command and sets appropriate torque command values. In
case of a braking scenario, the driver command value is
negative, and the PCU linearly scales the maximum braking
torque with the negative driver command value. A 100-percent
friction braking strategy is implemented, meaning all braking
force is applied with the friction brakes of the vehicle.
Consequently, no regenerative braking is utilized, which is
subject to future work at this HiL setup. In acceleration cases,
the positive driver command values are multiplied with the
speed dependent maximum IPMSM torque in order to obtain
the requested IPMSM torque M,
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Verification of the Vehicle
Simulation

For the verification, the driving resistances of the vehicle
dynamics simulation and the controller settings of the driver
model are evaluated.

Verification of the Driving Resistances The proposed
vehicle model is validated by performing coast down tests, both
in simulation and real world experiments. The coast down
measurements are conducted with a vehicle of the same model
series similar to the simulated BEV. Atan ambient temperature
of 15 °C, the tests are performed on a flat outdoor coast down
track, which is protected from wind influences. For each test,
the vehicle is accelerated to a velocity of 128 km/h. After
reaching this velocity, the IPMSM torque is set to zero. Air drag
resistance, as well as rolling resistances decelerate the vehicle.
Multiple measurements are performed in both driving direc-
tions and the arithmetic means are calculated for each direc-
tion. Figure 3 shows the comparison between the measured
mean values compared to the simulated BEV. The differences
between the two driving directions can be due to marginally
different wind conditions and possible grade influences. The
curve for the simulated vehicle is within the area of measured
coast down characteristics. This proves sufficient accuracy.

Verification of the Driver Model The driver model is
calibrated and validated with a Model-in-the-Loop (MiL)
simulation according to the WLTC regulations. The velocity
profile is depicted in Figure 4. A maximum velocity difference
between reference velocity and simulated speed of 1.8 km/h
is determined, which is within the permissible velocity toler-
ance of the WLTC regulations [29]. This confirms the appro-
priate settings of the driver model.

Inverter Control

For this HiL test, an inverter control with space vector modu-
lation (SVPWM) is developed. In case that the DC voltage
Upc limits the IPMSM operation, overmodulation

m Coast down characteristics of the simulated BEV
and mean values of the measured experiments of an A
segment vehicle in both directions of the test track.
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m Simulated vehicle velocity and velocity

difference during the WLTC.
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(SVPWM-OM) is applied in order to increase the DC voltage
utilization. The detailed functions of the inverter control are
described in the following sections.

The interconnections between the inverter control and
the remaining HiL setup are illustrated in Figure 2, there are
multiple input signals going to the inverter control block. The
requested torque M, is provided by the PCU and it is virtu-
ally scaled by a factor of 1.5. In addition to the requested
torque, the measured signals of the AC currents I, DC
voltage Up and the rotor angle 0 of the IPMSM are further
input quantities. The gate signals of the inverter control are
sent to the inverter to set the requested I; and I, currents
according to the requested torque. The detailed sections of the
inverter control are illustrated in Figure 5. These sections
include lookup tables (LUT), current control, flux linkage
control, voltage limitation and SVPWM.

Lookup Tables The LUT are based on finite element
method (FEM) simulations of the IPMSM. The requested
torque and the current flux linkage are the input quantities.
According to these input quantities, the requested currents
I4req and I are determined considering maximum torque
per ampere (MTPA) for operation points within the base
speed. For operation points larger than the base speed, field
weakening and maximum torque per flux linkage (MTPF) are

utilized [30]. Applying these principles, the currents I; and I;

m Inverter control with flux linkage control and
voltage limitation for space vector pulse width modulation with

overmodulation (SVPWM-0OM).
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are optimized with respect to a minimum magnitude of the
entire current vector in order to reduce copper and iron losses
at the IPMSM as well as conduction losses at the inverter.

Current Control Besides the requested currents I ., and
I, req» the measured DC voltage Up, the rotor angle 6 as well
as the AC currents I, are further inputs for the current
control. The measured AC currents are transformed into the
actual currents I; and I, considering the Clarke Park trans-
formation [31]. Based on the differences between requested
and actual currents, the requested voltages Uy eq and Ugeq
are determined by PI controllers. In addition to the PI current
controllers, feed forward controls adjust the requested voltages
Ug,req @a0d Uy q With respect to the flux linkages ¥; and ¥ as
well as the electrical rotational speed.

Flux Linkage Control The input signals of the flux
control are the requested voltages Uy ;eq» Uy req and Upc as well
as the electrical rotational speed n,. Considering these quanti-

ties, the flux linkage ¥ yields to:

Uzre +U2re i
\P:\/ d,req area Ulim 3)

27Ny 2.7 Ng

The flux linkage is controlled by a PI controller adhering
to the voltage limit Uy;,, and the electrical rotational speed
1. For SVPWM, the theoretical voltage limit is 57.7 % of the
DC voltage [32]. This voltage limit Uy, .. is selected for
stationary operation points. By applying space vector pulse
width modulation with overmodulation (SVPWM-OM), the
theoretical voltage limit can be increased up to 60.6 % of the
DC voltage [33]. In Figure 8, this voltage limit U, (., can
be illustrated by utilizing the entire voltage hexagon in
a-B-coordinates. The voltage limit U, ., is utilized for
transient operation. Thus, by utilizing a higher voltage limit
for transient operation compared to Uy, . for stationary
operation, a voltage reserve is provided in order to ensure a
quick response to a current request.

The controlled flux linkage is the input of the LUT. The
functionality and the interactions of the flux linkage control,
the LUT and the current control can be described in the Iy-
I-plane of Figure 6. Based on a constant torque request and

IETILIEE Principle operation of the interactions between
flux linkage control and LUT in the /4-/4-plane.
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adefined flux linkage, the requested current vector is provided
(point A). If the DC voltage increases or the IPMSM speed
decreases, the flux linkage increases. Thus, the current vector
is shifted toward the MTPA curve (point B), which leads to a
higher efficiency due to a shorter current vector magnitude.
However, if the flux linkage decreases due to a higher speed
or lower DC voltage, the current vector is shifted toward
negative d-axis (point C). Thus, the flux linkage control
operates only during field weakening operation.

Voltage Limitation for Space Vector Pulse Width
Modulation with Overmodulation For SVPWM-OM,
the voltage limit varies as a function of the rotor position.
Since this is not considered in the flux linkage control, the
section voltage limitation is implemented, see also Figure 5.
In the literature, there are multiple voltage limitation
approaches. Common approaches are voltage limitation with
minimum phase error or with preference of the current I, or
limitation of the dynamic part of the voltage space vector
[34, 35]. For this contribution, the linear voltage limitation
has been chosen because of its simplicity and its robust control
when compared to the other approaches. For linear voltage
limitation, the requested voltages Uy ,.q and U are trans-
formed into the voltages U, ., and Uj ,.q of the a-B-coordinates
system, applying the inverse Park transformation [31]. If the
requested voltage vector exceeds the voltage limit U, (ran
illustrated by the hexagon in Figure 8, the requested voltage
vector is limited keeping the angle constant. Thus, the length
of the voltage vector varies depending on the angular position
inside the hexagon.

In Figure 5, the last section of the inverter control is
entitled SVPWM. In this section, the voltages U, ,q and
Up. req are converted into six gate signals for the insulated gate
bipolar transistors (IGBT) of the inverter. For this conversion,
space vector pulse width modulation is applied [36].

Verification of the Inverter
Control at the Test Bench

The inverter control is verified at the test bench by power and
loss analyses for motoring operation. The test results are
analyzed regarding the question if the implemented inverter
control with SVPWM-OM leads to an increase of system
power and a decrease of system losses. In addition,
SVPWM-OM is studied in terms of utilizing the full voltage
range up to the voltage limit U, tren-
Power and Loss Analyses of the Performance
Tests For the performance tests, the DC voltage is set to
200V and the cooling temperature of the conditioning system
is 21 °C. The tests start with a conditioning phase during
which the IPMSM is operated at 1000 rpm and 140 Nm until
a stator temperature of 64 °C is reached. Within 2 s, speed and
torque are ramped to the measurement point and stabilized.
The actual measurement is taken for 3 s. For the following
measurement point, the IPMSM is conditioned again.

The first test is performed with SVPWM for all operation
points. For the second test, the inverter control operates
SVPWM for the operation points which are not limited by
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m Measured loss differences comparing SVPWM
with SVPWM-OM at a DC voltage of 200 V and an IPMSM
temperature of 64 °C.
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the DC voltage. If the DC voltage limit is reached, the inverter
control applies SVPWM-OM for the second test in order to
increase the voltage utilization. For both tests, the losses of
the entire system are analyzed and compared. In Figure 7, the
loss differences for the inverter and IPMSM are presented.
During low speed and low torque, both inverter controls have
similar losses. However, for increasing torque and speed, the
loss differences are negative, which means that the
SVPWM-OM leads to lower losses. The system losses can
be reduced by 9 % at 1500 rpm and 190 Nm. These reduced
losses are due to smaller current as well as iron losses. These
losses are smaller due to smaller currents by applying a higher
voltage utilization. This confirms the principle of the imple-
mented flux linkage control with a higher voltage utilization
during field weakening operation with SVPWM-OM.

Furthermore, the full load curves for SVPWM and
SVPWM-OM are presented. Both modulations yield almost
the same maximum torque during base speed operation.
However, the SVPWM-OM provides a larger maximum
torque for higher speeds, which consequently leads to higher
power. Applying SVPWM-OM, the maximum power can
be increased by up to 8 % when compared to the maximum
power of SVPWM. In summary, these test results verify a
higher efficiency and a higher available power by applying
SVPWM-OM, which confirms that this is a plausible imple-
mentation of the inverter control.

Overmodulation during the Performance
Tests The higher DC voltage utilization due to the
SVPWM-OM implementation is demonstrated in Figure 8
for an operation point of 1500 rpm and 150 Nm. The measure-
ment was taken for 3 s at a sample rate of 10 kHz. The requested
voltage vectors of U, ,.q and Uy ., are marked as brown marks
Ua - g, req- The majority of the requested voltages U, _p .q are
inside the circular voltage limit U,,,, ... However, some
requested voltages U, _ g, .q exceed the voltage limit Up,,y giar
illustrated by the hexagon. These voltages are marked green
as U, _ p, 1im- Further, they confirm that overmodulation is
applied, which enables utilizing the voltage reserves in the
corner of the hexagon. All voltages U, _ j, stay within the

hexagon, even though there are requested voltages U, _g req
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m Measured voltage vectors for SYPWM-OM in
a-p-coordinates for 1500 rpm and 150 Nm.
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outside the hexagon, e.g. —0.45 U,/Up and 0.47 U/ Upc. This
proves the proper operation of the voltage limitation by
reducing the requested voltages U, _ g, q Outside the hexagon
and setting new values U, _g i, inside the hexagon.

lll. Results and Discussion

In this contribution, the interactions between inverter control
with SVPWM-OM and the vehicle dynamic behavior are
analyzed at the HiL setup.

Evaluation of Vehicle Velocity
during the WLTC

On top of Figure 9, the vehicle velocity profile v, is depicted
over time for the worldwide harmonized light vehicle testing
cycle (WLTC). This velocity is based on the measured IPMSM
speed at the test bench. For this HiL setup, the IPMSM speed
is mainly effected by the controller settings of the driver
model, the PCU, the inverter control and the load machine
control. The settings for the driver model and the PCU had

m Hardware-in-the-Loop measurements of the
velocity profile and energy demand during the WLTC with
indication for SVPWM-OM.
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already been aligned in the MiL setup before, see also Figure 4.
A comparison of the reference velocity and the actual vehicle
velocity indicates the proper alignment of the controllers. In
Figure 9, the actual vehicle velocity v, shows a favorable
congruence to the WLTC reference velocity v,.. The velocity
differences between reference and actual velocity are illus-
trated underneath. With a maximum velocity difference of
1.9 km/h at 667 s, the velocity difference is within the permis-
sible velocity tolerance of 2 km/h as required by the WLTC
regulations [29]. Thus, for this HiL setup, the controller
settings of the driver model, PCU, inverter control and load
machine control are accurately aligned.

Evaluation of the Inverter
Control during Dynamic
Operation

For the majority of the IPMSM operation during the WLTC,
the DC voltage is sufficient. Hence, the inverter control is
operated with SVPWM. However, at 1175 s and during the
extra high velocity section from 1538 s onwards, SVPWM-OM
is occasionally applied. SVPWM-OM is detected when the
flux linkage ¥ based on the speed and DC voltage measure-
ments exceeds the flux linkage threshold which is based on
Upnaxstat according to equation (3). However, the measurements
were taken at a sample rate of 200 Hz. Since this is significantly
slower than the inverter sample rate of 10 kHz, some sections
of SVPWM-OM might be missing and further measurements
with higher sample rates should be conducted in the future.
The operations with SVPWM-OM are marked by a gray area
in Figure 9. Especially during acceleration, the inverter control
switches from SVPWM to SVPWM-OM. During these accel-
erations, the IPMSM speed is already high, which leads to a
reduced flux linkage. In addition, high torque values and
therefore, high currents are requested so that the flux linkage
threshold is exceeded and SVPWM-OM is applied.

For the WLTC, the I; and I, currents are measured and
illustrated in Figure 10 and Figure 11. The I, currents are
positive during the entire test cycle, which indicates motoring
operation. The negative values of the I currents present the
usual operation of the IPMSM. Furthermore, the current
differences between set values and measured values are
depicted in addition to the orange indicator for SVPWM-OM.
The current differences are positive as well as negative which
can be interpreted as current ripples or oscillations of the
measured current values around the current set values. From
the beginning until 990 s, the low and medium velocity
sections of the WLTC are tested. During this period, the
current differences for I;and I, oscillate with amplitudes from
almost 1 A during stand still, e.g. for Al at 580 s, to 4 A during
driving operation, e.g. for Al at 961 s. The oscillating current
difference is steady and no significant peaks are determined
even for high current amplitudes. Therefore, there is no signifi-
cant dependency of the current oscillations on the current
amplitude for this HiL test. When SVPWM-OM is deter-
mined, the current difference increases significantly, e.g. the
maximum current difference Al is almost 16 A at 1543 s and
the maximum current difference Al is 10 A. These current
differences can be caused by the variation of the voltage vector

© 2019 SAE International. All Rights Reserved.
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m Differences between measured / ,; current

and A/, current difference between measured and set values
during WLTC.
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oscillation during SVPWM-OM. These voltage vector oscil-
lations are due to the volatile voltage limit, which effects the
current control.

The current oscillations can have negative impacts on the
torque and the efliciency as well as the acoustic behavior of
the IPMSM. Therefore, these impacts should be further inves-
tigated in the future and the current oscillations should
be reduced. The reduction of the current oscillations can
be achieved by further calibrations of the current control. For
calibration tasks, this HiL setup provides a favorable testing
scenario since it considers interdependencies between the
inverter control and the vehicle dynamics behavior. Hence,
adjustments of the inverter control can directly be imple-
mented and tested at a laboratory test bench and the effects

© 2019 SAE International. All Rights Reserved.

on the driving behavior during the WLTC can be studied
within a comprehensive vehicular environment.

IV. Conclusions

In this article, the feasibility of an automotive HiL setup is
proven for testing and validation of inverter controls with
different SVPWM for varying modulation index. Thereto, a
vehicle simulation of a BEV was designed and verified at a
MiL setup. Furthermore, the inverter control with SVPWM
and SVPWM-OM was developed. Performance tests of the
IPMSM and the inverter were conducted at a laboratory test
bench and the test results were compared for both inverter
control modulations. Applying SVPWM-OM, a higher voltage
utilization was determined. This led to a reduction of system
losses by 9 % and an increase of power by up to 8 %, which
confirm a plausible implementation of the SVPWM-OM.
Finally, the real-time vehicle simulation, the test bench and
the inverter control with SVPWM-OM were combined to a
HiL setup utilizing virtual scaling of the active length of the
IPMSM. Applying virtual scaling, the testing variability of
the HiL setup was demonstrated. The controller settings were
aligned so that the simulated vehicle velocity as well as the
resultant IPMSM speed at the test bench could follow the
reference velocity very well. The WLTC was performed and
the different inverter control modulations and their timing
during the WLTC were identified. During operation of
SVPWM-OM, the test results show a significant increase of
the current ripple which should be reduced by further calibra-
tions at the HiL setup. This indicates the relevance of HiL
setups for studies of the interactions between inverter controls,
electric powertrains and vehicle dynamics in early develop-
ment phases and represents a further example how HiL testing
cansupport frontloading for automotive development programs.
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Definitions/Abbreviations

BEYV - Battery electric vehicle

HiL - Hardware-in-the-Loop

IGBT - Insulated gate bipolar transistor

IPMSM - Interior permanent magnet synchronous machine
LUT - Lookup table

MiL - Model-in-the-Loop

MTPA - Maximum torque per ampere curve

MTPF - Maximum torque per flux curve

OCYV - Open circuit voltage

OM - Overmodulation

PCU - Power control unit

PI - Proportional integral

SVPWM - Space vector pulse width modulation

WLTC - Class 3 worldwide harmonized light vehicle testing cycle
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