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ABSTRACT Power hardware-in-the-loop (PHIL) testing has become indispensable for the rapid, modular,
and cost-saving development of automotive components. This article focuses on PHIL tests composed of
entire powertrains that exchange speed and torque signals with vehicle simulations. Previous studies pointed
out the importance of promptly following the references from the virtual simulation environment to replicate
realistic driving conditions and introduced control strategies to cope with the challenges associated with this
setup. However, a comprehensive comparison of the different control strategies has not yet been carried out.
To fill this gap, the concepts are first investigated in-depth in simulations and are then, rigorously validated
on a state-of-the-art powertrain test bed under highly dynamic driving scenarios, including full-braking.
Furthermore, an improvement of existing shaft torque control approaches, which are mainly based on
feedforward control, is proposed to better compete with the other methods. The proposed extension shows
higher resilience to low accuracy of torque actuators, while the other concepts exhibit greater robustness
against time delays. The results from the direct comparisons are summarized and allow the appropriate
selection of control strategies for specific use cases.

INDEX TERMS Power hardware-in-the-loop (PHIL), powertrain test bed, speed control, torque control.

I. INTRODUCTION

references inputs
Hardware-in-the-loop (HIL) trials allow testing of incomplete Controller
hardware together with their missing components being
simulated. Measurements are sent to the simulation, where
the behavior of the nonexisting parts is computed based on Simulation Hardware
a mathematical model [1]. The simulation delivers signals to measurements

the hardware, which, depending on the specific test case, are
either directly fed to the hardware via actuators or need to
be tracked with a controller; see Fig. 1. In order to achieve
realistic results, tracking the simulated reference signals as
fast as possible is essential. The term power hardware-in-

FIGURE 1. Sketch of a general HIL setup. It is important to track the
signals from the simulation fast in order to obtain results that correspond
to the reality.

the-loop (PHIL) is used for HIL testing where high power
flows between the real component and the simulation are
involved [2]. Some publications use the term vehicle-in-the-
loop.

The focus of this article is the control of entire vehicle
powertrain test beds in PHIL configuration, such as the one
depicted in Fig. 2. Testing a powertrain in a vehicle exclu-
sively on actual roads is cumbersome and expensive. Well
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FIGURE 2. Typical structure of a powertrain test bed for PHIL testing with
a fully operational vehicle [9].

configured test beds hereby deliver fast and reliable results.
For PHIL tests of an entire powertrain, a complete vehicle
with detached wheels or the whole powertrain of a vehicle
is mounted at the test bed. The wheels are replaced by dy-
namometers and are simulated together with the road, chassis,
and driver. PHIL tests offer a number of advantages. The envi-
ronmental conditions can be repeated exactly, which cannot be
guaranteed for real drives. For example, wet roads or certain
road temperatures are simply set in simulation, resulting in in-
dependence from the weather. The tests thereby become more
reproducible [3]. Especially, for experiments with vehicle dy-
namic control systems, such as traction control or antilock
braking systems (ABS), this is a significant advantage. The
effects of small adjustments in these control strategies can be
distinguished more easily from random incidents on actual
roads and thereby help improve to deliver more fine-tuned
vehicle dynamic control systems [4], [S].

Another vast advantage is the parallel design and validation
of vehicle components, decreasing development time [6], [7],
[8]. For example, a gearbox can be tested without the necessity
of a combustion engine or the rest of the drive train. Partic-
ularly, the increasingly complex vehicles nowadays contain
more and more parts that depend on each other. With PHIL
testing, the single components can be tested separately while
the missing parts of the vehicle are simply substituted in
simulation.

Control algorithms in HIL tests must ensure that signals
from the simulation, which serve as reference values, are
tracked fast and accurately at the test bed. Otherwise, errors
occur that accumulate due to the continuous signal exchange.
If, for example, a simulated speed cannot be tracked fast
enough at an engine test bed, it also influences the resulting
shaft torque, which is fed back to the simulation leading to
a vicious circle and overall bad results that do not match the
behavior on the road.

Test beds are an integral part of the design and validation
of vehicles. They can be employed for technically simple
tests, such as torque and power measurements or real driving
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emissions [10], [11], [12]. With the growing computational
power of the recent decades, more and more real driving tests
were shifted to virtual testing, where single components could
be tested in a PHIL configuration [13], [14], [15], [16]. In
the last two decades, the rather simplistic PHIL tests, where
the simulation only included driving resistances and road
gradients, evolved to highly sophisticated experiments, where
test beds are coupled with simulation environments that were
initially meant for pure simulation purposes [17], [18]. These
types of PHIL tests are the focus in this article. The choice
of signals exchanged between the test bed and the simulation
(speed- or torque-based control) plays an important role in the
performance of the PHIL test and how well the results match
real drives.

In [19], the measured speeds at the test bed are fed into
the simulation, which on the other hand, returns a torque
signal that is applied on the test bed (referred as torque-based
approach in this article). However, a feedback controller is not
involved in this approach making it vulnerable to uncertainties
and inaccuracies at the powertrain test bed, which is one
aspect that is tackled in this article.

In contrast, the measured torques at the test bed are sent
to the simulation, and the simulated wheel speeds are used
as reference signals (referred as speed-based approaches in
this article) in [20], [21], [22], and [23]. A slight variation of
these speed-based approaches is described in [24], where the
knowledge of the closed-loop speed controllers is exploited to
modify the reference speed so that the virtual wheel speed can
be tracked faster.

In the future, the importance of powertrain testing will even
further increase and consequently the control strategies of
such systems. Recently, the new topic of connected test beds
has arisen, where several spatially distributed components and
simulations are connected [25], [26], [27], [28]. Especially,
the robustness and reliability of the utilized controllers are
crucial, and new challenges are thereby introduced such as
higher time delays and jitter.

This article addresses control concepts for powertrain test
beds in PHIL configurations, with the focus on obtaining
realistic test results. So far, some promising methods have
been presented in the literature, but their advantages and dis-
advantages between each other have not been covered yet.
One of the goals of this article is to provide an answer to this.
Therefore, three concepts from the literature are thoroughly
investigated first in simulation, where the results of a pure
vehicle simulation serve as the benchmark for the outcomes of
the simulated PHIL test beds. The control concepts are com-
pared with typical shortcomings at powertrain test beds, such
as signal noise, incorrectly delivered dynamometer torques,
and time delays. Thereby, critical limitations of the different
approaches can be explored without endangering the hardware
by, for example, potentially harmful instabilities.

Particularly, the torque-based control strategy from [19]
seemed appealing due to certain types of interfaces with a
restrictive signal exchange between the hardware and the soft-
ware and because it does not rely on simulated wheel inertia,
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as later shown. Since a pure feedforward control was used
in [19], it lacked the ability to adjust to uncertainties and
consequently had a poorer performance compared to the other
approaches. Hence, an extension that uses feedback control
with a specific reference signal is proposed. In contrast to
pure feedforward-based control schemes, where the torques
from the simulation are directly used as target values for the
dynamometers, this method can compensate for deviations of
the desired shaft torques, thereby, improving the performance
and accuracy of the PHIL test. The proposed concept proves
advantageous, particularly for test beds with dynamometers
that provide requested torques imprecisely, i.e., the required
torques are only delivered with a gain or offset. The practi-
cal feasibility is then validated on a modern powertrain test
bed. Before conducting experiments, a system identification
is performed to determine parameters that are necessary for
the control algorithms. The test runs shown in this publication
are highly dynamic maneuvers such as tip-ins and full-braking
using an antilock braking system. At the end of this article, a
list of advantages and disadvantages of the different concepts
shall help choose the most appropriate solution for a certain
application. To sum up, the research questions addressed in
this publication are as follows.

1) Do the concepts presented for vehicle powertrain PHIL
testing in the previous literature deliver the same results
in simulation and actual test beds?

2) What are the advantages and disadvantages of those
concepts? Under which circumstances is a certain ap-
proach favorable compared to the others?

And the highlights are as follows.

1) The proposal of an alternative concept for vehicle
powertrain PHIL tests that is torque-based and uses
feedback control.

2) Implementation of three control concepts on an actual,
modern powertrain test bed in PHIL configuration to
prove the technical realization.

3) Direct comparisons on identical test runs using highly
dynamic maneuvers that also include the interaction
with vehicle dynamics control systems.

4) A thorough analysis of the strengths and weaknesses of
each control concept.

The rest of this article is organized as follows. A general
overview of a powertrain test bed in PHIL configuration is
given in Section II. The differences between dynamometer
types and their impact on powertrain PHIL tests are also
explained there. In addition, a simple model for the investi-
gations in simulation and the models necessary for the control
strategies are introduced. In Section III, the approaches for test
bed control alongside the newly developed control concept
are presented. Section IV is divided into two major parts. In
the first part, the functionality of all methods is checked in
simulation under ideal conditions. Also the effects of various
uncertainties are analyzed without the risk of harming the ac-
tual hardware, and suggestions are given on when to use which
method. In the second part, the technical implementation of

130

all control strategies is demonstrated and discussed. Finally,
Section V concludes this article.

Il. TEST BED SETUP AND MODELING

This section describes the typical structure of a powertrain
test bed for PHIL applications and the connection between
the simulation and reality. Furthermore, models for both the
powertrain test bed and the vehicle simulation with typical
modeling assumptions are presented on which the controllers
and simulations of the following sections are based. The rele-
vant signals for such applications are also described.

For powertrain testing, a fully operative vehicle is typi-
cally utilized, where the wheels are removed and replaced by
dynamometers. However, tests with only the powertrain and
without the chassis are also possible. Within their connec-
tion, torque flanges are used to measure the shaft torque and
speed; see Fig. 2. Usually, asynchronous machines (ASM) or
permanent magnet synchronous machines (PMSM) are used
as dynamometers. Compared to PMSMs, ASMs are less ex-
pensive with the drawback of less accurate torque control.
Furthermore, the inertia of ASMs is higher, whereas the in-
ertia of PMSMs is more comparable to that of a wheel, which
facilitates the control schemes of PHIL tests. However, the
higher inertias can also be handled by certain approaches
explained in the latter sections. In both cases, the torque
is controlled indirectly by measuring the electrical current,
which is another uncertainty that needs to be considered.

The missing parts of the vehicle for PHIL testing, i.e., the
wheels and the road, are replaced in the virtual simulation
environment (VSE); see Fig. 3. The VSE is usually an ordi-
nary vehicle simulation software where the parts that exist in
reality are disabled in the software application. In principle,
there is either the possibility of sending the measured shaft
torque Tshate at the test bed to the VSE and receiving a virtual
wheel speed wy that serves as a reference at the test bed
or vice versa—sending the measured dynamometer speed wp
and receiving a virtual shaft torque Tsrﬁfm as a reference. The
controller for these virtual signals has to be fast. Otherwise,
errors accumulate, or even the whole test can become unsta-
ble.

It is also possible to deploy a configuration in which only
torque signals or only speed signals are exchanged. However,
a feedback controller cannot be applied in this case since
this would practically mean that the measured signal is fed
into the simulation and then, used as a reference variable for
exactly this signal. For example, if the dynamometer speed wp
is measured and sent to the simulation as an input, it would
serve as the virtual wheel speed wy there. Consequently, this
virtual wheel speed would then be the reference speed for
the test bed, which is not reasonable as it is effectively the
original measured dynamometer speed. However, it is still
possible to carry out PHIL tests in these cases but without
using feedback. In the example described above, a simulated
resistance torque, such as the tire torque 7T, can be still
directly used for setting the dynamometer torque 7p. In doing
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FIGURE 3. PHIL test setup. The coupling from the VSE to the test bed is achieved by the controller, on which it strongly depends whether the tests

correspond well to reality.

so0, the accuracy of such a test solely relies on the precision
of the dynamometers as possible errors cannot be corrected
anymore.

A. POWERTRAIN, VEHICLE, AND TEST BED MODELING

For the simulation study, a vehicle model with a simplified
powertrain is used, which is based on [29]. To further simplify
the simulation model, the vehicle is treated as if there were
only one wheel (quarter model), which has little influence
on the validity of the simulation results since the measured
shaft torques already contain divisive influences on the overall
system.

It is noted that the complexity of the vehicle simulation used
for PHIL testing can massively vary. In some applications,
simple vehicle models that are hardly more sophisticated than
the model presented in this section, which may already be
adequate for some use cases. For other applications, if the
computational power is sufficient, simulation programs origi-
nally intended for stand-alone use are utilized.

The engine torque 7 is modeled using a lookup table
depending on the throttle position « and the engine speed
wg, which represents the static behavior of the engine. A
first-order differential equation describes the dynamic torque
build-up of the engine as follows:

. 1
T = — (Tg.Lur (o, wp) — Tk)
T

ey)
with tz denoting the time constant that determines how fast
Tg is changing and 7g pLur the engine torque according to
the lookup table. For the investigations in simulation, t¢ has
a value of 100 ms, which essentially means that an engine
torque step from zero would reach 90% of its target value

VOLUME 5, 2024

in around 300 ms (three times 7z ). The connection from the
engine to the wheel is modeled as a two-mass oscillator

. 1
Jpowp =Tg — ;TShaft

2
3)

with J representing the mass moments of inertia, Tgpafe the
shaft, and 77y the tire torque. The subscripts E and W denote
quantities of the engine and the wheel, respectively. The gear
ratio of the transmission is denoted by i.

The shaft torque is modeled as a linear spring-damper sys-
tem as follows:

1 1
Tsnafe = k (79015 — ¢w> +c <;w5 - ww)

with ¢ denoting the angular positions, @ the angular veloc-
ities, k is the stiffness, and ¢ the damping coefficient of the
powertrain.

Although, the powertrain and especially the gearbox is sim-
plified through this model, it does not play a significant role in
investigating different PHIL testing strategies. The tire force
is computed by

Jwaow = Tshate — TTire

“4)

Frire = CLA 5

where Cp is the longitudinal tire stiffness, and A is the slip
which is defined as

wwr — v

A= (6)

wwr

with r as the tire radius and v the vehicle speed. Subsequently,
the tire torque can be calculated as Ttje = Frire?. The vehicle
itself is modeled as a point mass. Using the principle of linear

131



ERDOGAN ET AL.: EXPERIMENTAL VALIDATION OF INNOVATIVE CONTROL CONCEPTS FOR POWERTRAIN TEST BEDS IN PHIL CONFIGURATION

Internal \ Tp,dmad
controller —,
{i} Wi Dynamometer
ires
Control Current /
actions feedback

Voltage supply

/

o—] =

Tp

o ~

/

Inverter

FIGURE 4. Schematic of a dynamometer and the electric drive with its
internal controller.

momentum, the following equation is derived:
mv = Frire — av® — bv — csign(v) (7

where m denotes the mass of the vehicle and a, b, and ¢
friction coefficients.

With (1)—(7), the simple vehicle model is complete. By
solely looking at (3), one might think that the overall vehicle
inertia m does not play a role in the simulation. However,
the tire torque indirectly accounts for the vehicle mass as it
depends on the tire slip, which, on the other hand, is a result
of the vehicle speed in (7). It is also noted that there is almost
always a certain tire slip, even when the whole system runs in
steady-state at a constant speed due to the friction in (7).

At the test bed, dynamometers are attached instead of the
wheels. In Fig. 4, a dynamometer, an inverter, and its internal
controller are depicted. Strictly speaking, a dynamometer is
a device that simultaneously measures torque and angular
velocity. In the context of automotive test beds, dynamome-
ters are usually electrical motors used as loads for the unit
under test. The torque is indirectly determined by the mea-
sured current of the dynamometer as these two entities almost
share a linear relation to each other. Therefore, a demanded
torque 7Tp s is turned into a current demand first. The internal
controller drives the inverter and modulates the voltages be-
tween the phases of the electric motor in such a way that this
demanded current and, consequently, the demanded torque is
reached. This inner control loop runs on a separate device with
lower sampling times and can reach the target torque so fast
that the following assumption can be made:

TD,set = TD~ (8)

For further details on the control of electrical machines, the
reader is referred to, e.g., [30].

For the simulations of the powertrain test bed, (3) is re-
placed by

Jpwp = Tspate — Ip 9
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FIGURE 5. Inertia of the simulated wheel (left) and the one with the
dynamometer at the test bed (right) differ. However, the similarities of the
two systems can be exploited for a feedforward controller by either
directly using the simulated tire torque Ty; as the requested dynamometer
torque Tp or implementing an inertia compensation by trying to enforce
the same angular acceleration on the virtual and actual system.

with the subscript D representing the dynamometer quantities.
The shaft torque at the test bed is now defined as

1 1
Tspare = k (;@E - <PD> +c (;CUE - CUD) . (10

For the simulation of a PHIL test, the powertrain and the
vehicle are computed separately and exchange only a few sig-
nals that are artificially delayed and contain additional noise
and other uncertainties. The effect of the tires is substituted
with the dynamometer, which has to emulate the tire behavior
and also introduces errors. These deficiencies are part of the
examinations in this article.

1ll. CONTROL METHODS FOR POWERTRAIN PHIL
TESTING

In order to perform realistic PHIL testing at powertrain test
beds, which correspond to real drives well, proper control
strategies need to be chosen that follow the given reference
signals from the VSE fast. Here, two advanced strategies
from the literature are presented, which are both speed-based
controllers. Moreover, a third control method is proposed to
fill the gap of a torque-based controller that runs with a feed-
back control scheme and allows connections to VSEs, which
only return torque signals, in a realistic manner. Before the
three controllers are described in detail, a feedforward control
scheme is shown first, a common part of two of the following
concepts. The controllers are each developed for one wheel
and work independently of each other.

A. FEEDFORWARD CONTROL FOR INERTIA
COMPENSATION
In order to enhance the reference tracking at powertrain test
beds, a feedforward control law is used in some of the control
schemes presented in the following sections. The goal is to
shift the workload of the feedback controller to the feedfor-
ward controller, which is beneficial as feedback controllers
only start acting when there is already a control error.
Obviously, (3) describing the simulated vehicle and (9)
characterizing the test bed are similar. In Fig. 5, the similar-
ities between the simulation and real components at the test
bed are visualized, where the left sketch shows the shaft and
the wheel, and the right sketch shows the shaft at the test

VOLUME 5, 2024



IEEE Open Journal of

Industry Applications

Tp,rr

I (JJW
— PI

wp
VSE

Test Bed
Tshaft

FIGURE 6. Block diagram of the speed controller with Ty;,. used as a
feedforward control signal. Deviations between the simulated speed and
the speed at the test bed are handled by a Pl controller.

bed with the dynamometer. By comparing (3) and (9), a good
guess of the feedforward dynamometer torque 7p pr would
be therefore

(1)

Ip.Fr = TTire-

The inertia of the dynamometer Jp is usually higher than
the inertia of the wheel Jy . Higher mismatches between these
values make it advantageous to utilize an inertia compen-
sation. Especially, ASMs usually have considerably heavier
inertias than the wheels of a vehicle. The inertia compensa-
tion is derived by demanding the angular accelerations of the
wheel in simulation and the dynamometer in reality, see (3)
and (9), to be equal

. !,
wwy = wp.

(12)
Substituting (3) and (9) into (12) leads to the feedforward
control law

Jp Jp

Ip.rr = 7 TTire + <1 - —) Tshaft- (13)

Jw Jw
As the considered test bed for the experimental validation is
equipped with PMSMs, (11) is already sufficient and there-
fore utilized in the following investigations. Equation (13) is
mentioned here only for the sake of completeness. It is also

noted that there are possibilities for applying an inertia com-
pensation without using a torque sensor, for example, in [31].

B. SPEED CONTROL IN COMBINATION WITH
FEEDFORWARD CONTROL

This controller works with the given speed of the VSE ww
and tries to follow this signal with the dynamometer speed wp
at the test bed as accurately as possible [21], [22]. The inputs
to the VSE are the measured shaft torques Tgsp,p that result
from the powertrain that drives the whole system and the
dynamometers that are used to emulate the tire and the road.
In Fig. 6, a block diagram of a PHIL setup with speed control
is depicted. As a feedback controller, a simple PI controller
with the empirically determined controller parameters Kp and
K; is employed. Ideally, this controller only corrects minor
deviations as there is the tire torque T, as the feedforward
control signal. In summary, the following 2-DOF control law
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emerges:

t
Tp = —Kp (ww — wp) — K1[ (ow —wp)dt +1Iprr
0
(14)

with Tp rr defined in (11). The negative signs in this equation
are due to the dynamometer torque being defined as a load.
Provided that the simulation represents the actual vehicle well,
the PHIL test matches the reality well if the speed deviation at
the test bed can be kept low.

C. SPEED CONTROL WITH REFERENCE MODIFICATION
This concept was proposed in [24] and is also based on con-
trolling the speeds of the powertrain test bed and feeding the
measured shaft torques to the VSE. In contrast to the previous
concept, the key idea is to modify the reference speed wyf to
the PI controller in order to improve the reference tracking
leading to more realistic PHIL testing. The PI controller is
only tuned roughly as the modified speed for the controller
already takes this into account.

The necessary closed-loop transfer function G.;(s), with s
denoting the Laplace variable, is derived by first calculating
the open-loop system consisting of the PI controller and (9)
Laplace transformed, which describes the relevant parts of the
test bed for the speed control

Kps + K; —1

Gols) = s Jps

15)

PI controller

Again, the negative sign in this equation is due to the dy-
namometer torque being defined as a load. The shaft torque
Tshafe in (9) is ignored at this point and will be considered
later on. With (15), the closed-loop system is calculated

Go(s)
14 Gy(s)
To further increase the dynamics of the test bed, a modified

speed wpoq is used instead of the simulated wheel speed wy,
which would usually be the desired value w;.r at the test bed

wp(s) _
Wref(5)

Ge(s) = (16)

wp(s) = Gei($)@mod(s)- A7)

In order to overcome the closed-loop dynamics of the test bed,
the modified speed is defined as

Wmod($) = ww ($). (18)

Gei(s)

By the inversion of the closed-loop system, a noncausal con-
trol law emerges where the order of the numerator is higher
than the order of the denominator by one, making it nonap-
plicable in an actual controller. The idea to overcome this
noncausality is to exploit the integrator in (3), which is already
used in the vehicle simulation. In the Laplace domain, (3) is
defined as

1
ww (s) = s (Tshate () — TTire($)) - (19)
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FIGURE 7. Block diagram of the speed controller with reference modification. The reference speed for the PI controller is manipulated in such a way that

it increases the overall reference tracking speed.

Inserting (19) and (18) into (17) leads to

wp(s) = G (s) (Tshate () — TTire (5)) .~ (20)

Gei(s)ws

®mod ()

As a consequence, the order of the denominator is increased
by one leading to a causal and therefore feasible control law.
Instead of the simulated wheel speed wy, the resulting torque
Tshafc — TTire at the wheel is now used. Overall, the following
control law emerges:

Tp = — Kp (wWmoa — @p)

t
& [ Ona—0p)dr + T )
where the shaft torque Tgpafr, Which was ignored in the whole
derivation, is also added. The complete concept is visualized
as a block diagram in Fig. 7. In contrast to the other methods,
the formulation in (21) allows an inherent inertia compensa-
tion, and (11) is not necessary.

D. TORQUE CONTROL IN COMBINATION WITH
FEEDFORWARD CONTROL

The last concept presented here is a torque-based controller
with feedback in combination with the feedforward controller.
Compared with the previous approaches, the VSE works with
the measured speed wp of the test bed instead of the shaft
torque Tshase and instead of controlling the speed at the test
bed the torque is now controlled. Torque-based controllers
have already been employed for powertrain test bed control in
PHIL configuration [19]. However, only a feedforward control
scheme has been utilized up until now. As a result, these con-
trollers rely on accurate dynamometers as they cannot correct
potential deviations leading to results that do not correspond
to reality well. Therefore, a feedback loop is intended to rem-
edy the situation. Instead of measuring torque and controlling
the speed at the test bed, it is the other way around, which is
advantageous for vehicle simulation software that only allows
the signal flow in this manner.

Generally, the VSE does not provide a suitable reference
signal for the shaft torque because it is not included in the
simulation. However, an expected shaft torque Tsrﬁgﬁ can be
calculated based on (9)

T = Tp pr + Jpap. (22)
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Since the acceleration of the dynamometers cannot be mea-
sured directly, it needs to be computed numerically. A con-
venient solution is to utilize a low-pass filter with a time
constant T

Jps
Ip,rr(s) + D

Tref,ﬁlt(s) —
s+ 1 s+ 1

Shaft (23)

wp(s).
The time constant was set to 0.001 s, which is quite fast in
order to prevent high phase lags and still get rid of noise in the
differentiated speed.

Again, an empirically tuned PI controller is utilized in this
control scheme. With (23) and (11), the control law results to

_ ref, filt filt
Ip = Kp (TShaft - Shaft)

t

+K; /0 (Tsrg;’f?“ —~ TS‘}};ﬂ) dv+Tprr (24
with T as a filtered version of the shaft torque Tgpaft USING
the same low-pass filter as in (23). A block diagram of the
whole concept is depicted in Fig. 8. Without the PI controller,
this method would be identical to [19], which does not take ac-
tions in case the actual load is not reached due to disturbances
and uncertainties.

IV. RESULTS

The three described controllers of the last section for pow-
ertrain testing in PHIL configuration are compared in this
section. First, investigations in simulations are shown, where
PHIL tests are conducted on typical vehicle maneuvers to
examine the differences in performance under different cir-
cumstances between the methods. These investigations can
be carried out in simulation without the risk of harming the
actual hardware. The robustness of the control concepts is
tested against a variety of typical uncertainties and deficits that
occur at test beds, such as measurement noise, time delays in
communication, and wrongly delivered dynamometer torques.
These simulation results show the advantages and disadvan-
tages of the controllers under different situations and shall
help decide which method to utilize for known shortcomings
at specific test beds. In order to prove the technical realization
of all presented concepts, they are implemented on an actual,
modern powertrain test bed similar to the one shown in Fig. 2.
The different methods are compared on highly dynamic ma-
neuvers, including tip-ins/tip-outs and full-braking tests. Due
to confidentiality agreements, a comparison with real-world
driving data cannot be shown.

VOLUME 5, 2024



IEEE Open Journal of

Industry Applications

Tp rr
ref, filt

TShaft l Tp

: O 0, PI
Ts+1 7 b A
- 1 Tshaft
VSE =25 L Test Bed
)

FIGURE 8. Block diagram of the torque controller with feedforward control. An expected shaft torque TS’I:;’;“' at the test bed is calculated and controlled
by a PI controller. The low-pass filters are necessary in order to compute the derivative of the test bed speed.

For the simulation, the quarter model derived in Section II
is utilized, and consequently, only one controller is required.
At the real test bed, on the other hand, each vehicle wheel is
replaced by a dynamometer, and a controller runs on each of
them separately and independently.

A. CONTROLLER VALIDATION AND COMPARISON IN
SIMULATION

The simulation results in this section shall give an idea of
how each control concept for powertrain PHIL tests performs
with the presence of uncertainties to choose the optimal con-
troller for specific circumstances at the test bed. Simulations
are performed for which the MATLAB/Simulink environment
was chosen to avoid the risk of damage to the expensive test
bed hardware. All tests are first conducted with a pure vehicle
simulation that uses (1)—(7) to describe the entire vehicle and
serves as the benchmark. For the simulation of the PHIL tests,
(1), (9), and (10) are used for the simulated test bed, and
(3)—(7) are used for the simulated VSE. The interactions of the
wheels through the differential gears do not need to be con-
sidered as possible interactions can be immediately observed
via the torque measurement and controlled independently. Not
only were the simulations utilized for examinations, but they
were also used for a rough tuning of the controller parameters
offline.

The following are typical uncertainties that occur at power-
train test beds and potentially lead to distorted and unrealistic
test results:

1) measurement noise;

2) time delays in the communication; and

3) inaccuracies in the dynamometer torques.

In both the VSE and the control loop, noise can lead to
oscillations and thus, compromise the outcome of PHIL tests.
Between the connection of a test bed and a VSE, time delays
occur due to the communication. Typically, bus systems like
CAN are used to exchange signals, which only transmit at
certain intervals. Furthermore, the time necessary for a sim-
ulation step also adds up to the delay. Generally, time delays
have a bad impact on the stability of systems and are there-
fore examined in this article. The dynamometer torques can
only be measured indirectly by the current to the electrical
motors, which may lead to the dynamometer delivering the
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FIGURE 9. Tip-in/tip-out maneuver. The sudden changes in the throttle
position cause oscillations in the whole powertrain.

wrong torques depending on the operating point. With the
shaft torque sensor, the dynamometer torques cannot be de-
termined as they only match in stationary running; see (9). As
a consequence, test results might be compromised, especially,
if no feedback controller is involved in the control strategy.

For the investigations in simulation, the so-called tip-in/tip-
out maneuver is chosen as a test scenario, which is depicted
in Fig. 9. The vehicle coasts down from an initial speed. Since
there is no drive, the vehicle slows down due to friction. The
throttle is fully actuated after a certain time (tip-in), leading
to oscillations in the whole powertrain. After some time, the
throttle is fully released (tip-out). This sudden change causes
oscillations again. Tip-ins/tip-outs are used in the industry to
calibrate comfort functionalities and are generally a bench-
mark test for PHIL tests.

In Fig. 10, the simulation results under ideal circum-
stances without any uncertainties are shown. The solid lines
represent the results of the pure simulation (benchmark),
the dashed lines the speed control with feedforward control
(speed control), the dotted line the speed control with refer-
ence modification (speed mod.), and the dashed-dotted lines
the torque control with feedforward control (torque control).
In the upper plot, the longitudinal acceleration is depicted.
The virtual wheel speed is displayed for comparison in the
diagram below since no dynamometer speed is available in the
benchmark simulation. In the case of the torque controller, the
virtual speed and the dynamometer speed are equivalent since
the measured speed is used in the simulation; see Section III.
Until time 0.25 s, the throttle position « is set to zero, and the
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FIGURE 11. Tip-in/tip-out maneuver in simulation with measurement
noise.

vehicle coasts. Then, the throttle suddenly increases to 100%,
which results in oscillations in the acceleration signal. Simul-
taneously, the wheel speed also starts to increase. At time
1.25 s, the throttle is fully released (o« = 0). Consequently,
oscillations occur through the strained powertrain, and the
vehicle coasts down again.

As visualized in Fig. 10, all three control strategies lead
to satisfying results close to the benchmark’s findings. The
performance of the controllers and their behavior against un-
certainties strongly depend on their tuning. Therefore, the
controllers were tuned to deliver similar results under ideal
conditions to ensure a fair comparison.

In Fig. 11, the first investigation is shown where the effect
of measurement noise is examined. The noise is added to
the measured dynamometer speed and the shaft torque with
a signal-to-noise-ratio of around 15. Even though the control
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FIGURE 12. Tip-in/tip-out maneuver in simulation with time delays in the
communication between test bed and VSE.

concepts use different signals for feedback control and inter-
action with the VSE, their sensitivity to measurement noise
is similarly robust. While the noisy shaft torque is sent to the
VSE in the case of the speed control with feedforward control,
it is utilized for feedback control in the torque control concept.
For the speed signal, it is vice versa. Thus, a deficiency in a
signal always has an effect no matter what method is used.

In the next test, the robustness against time delays is ex-
amined. The results are depicted in Fig. 12, where a time
delay of 10 ms in both signal directions is used. While the
speed control with feedforward control and the speed control
with reference modification both still deliver decent outcomes,
the torque controller is far more sensitive to time delays. The
reason for this is the wheel slip computation in (6). A small
change in the wheel speed has vast effects on the wheel slip A
and consequently on the tire force Frj.. Through the delayed
speed signals to the VSE, Fry. largely varies, resulting in
a greatly varying simulated torque that corresponds to the
demanded torque at the test bed. On the other hand, a delayed
shaft torque for both speed control based methods is less
critical since the wheel speed is calculated in the VSE via (3)
and allows more deviations from the actual signal. Note that
the assumed time delays are unrealistically high for investiga-
tion examination purposes. Nevertheless, such delays might
occur for systems with older hardware or at connected test
beds, where the hardware is distributed to different locations;
see [25], [26], [27], and [28].

In Fig. 13, the effects of dynamometer wrongly applied
torques are investigated. As already mentioned in previous
sections, the dynamometer torque is not measured directly but
computed via the electrical current in the machine. Especially,
electrical machines of type ASM are prone to considerable
torque deviations [32]. For a PHIL test at powertrain test beds,
the dynamometer torque Tp serves as the control input. If the
demanded torque cannot be reached, the feedback controllers
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FIGURE 13. Tip-in/tip-out maneuver in simulation with the dynamometer
torque multiplied by a factor of 0.85.
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FIGURE 14. Tip-in/tip-out maneuver in simulation with the dynamometer
torque multiplied by a factor of 0.85. Here, the red dashed line represents
the torque-based method without the use of feedback.

of the control schemes need to correct this inaccuracy. For the
investigations, Tp was multiplied by different scaling factors.
A factor of 0.85 is used for the results in Fig. 13, which can
be considered as a pessimistic assumption for the real world.
There, the torque control strategy has an advantage over the
control concepts that are based on speed control. Its outcomes
follow the benchmark results more closely. As the torque
controller has more direct access to the torques in general,
it is able to react faster to deviations in these entities and is
therefore also quicker in correcting the dynamometer torque.
Especially, after the throttle steps, the speed control concepts
need some time to adjust the correct torque.

The last examination in simulation is depicted in Fig. 14,
where the effect of using a pure feedforward torque control
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TABLE 1 Advantages and Disadvantages of the Presented Control
Concepts Under Different Circumstances

Speed Control | Speed Mod. | Torque Control
Noisy Measurements effective effective effective
Time Delays effective effective insufficient
Dyno Torque Errors adequate adequate effective

scheme compared to the new torque-based controller is exam-
ined (essentially the method proposed in [19]). It underlines
the importance of torque feedback and why this method was
proposed in the first place. Once again, the dynamometer
torque is scaled by a factor of 0.85. This time, the dashed
line represents the results of the sole use of the feedforward
control scheme; see (11). The dynamometer torque is again
lower than both controllers expect. However, while the new
torque controller can compensate for the deviation of the re-
quested torque, the pure feedforward controller delivers poor
outcomes. In fact, it even starts with a wrong initial speed.
While the vehicle is coasting, the simulated vehicle inertia ac-
tually propels the test bed. With less torque, the test bed slows
down faster. The opposite is the case when the throttle step
happens. Now, the vehicle inertia counteracts the acceleration.
Again, less torque is applied than the controller anticipates, so
the vehicle accelerates faster than the benchmark.

In general, the simulations demonstrate that all control con-
cepts work well. It is also shown that they have different
advantages and disadvantages against particular uncertain-
ties. With this knowledge, an appropriate control strategy can
hereby be chosen if shortcomings of a powertrain test bed
are known. To sum up, the speed control with feedforward
control and the speed control with reference modification
are especially beneficial for systems with high time delays.
Regarding measurement noise, all concepts have shown to
be robust with similar performance. On the other hand, the
torque control with feedforward control is advantageous for
systems where the dynamometer cannot accurately deliver
torque. In particular, this concept is interesting for powertrain
test beds that are equipped with ASMs. Another benefit of
the torque control is that it can be conveniently used at test
beds where the VSE only accepts measured wheel speeds and
no shaft torques as inputs. The performances of the speed
control based approaches are similar, and therefore, the choice
is more a matter of personal preferences. The advantages and
disadvantages are also concisely shown in Table 1.

B. EXPERIMENTAL VERIFICATION OF THE TECHNICAL
FEASIBILITY

The actual, technical realization of all concepts is demon-
strated on a state-of-the-art powertrain test bed. An upper-
class vehicle with four-wheel drive with about 450 kW power
is employed at the test bed. The dynamometers are PMSMs
and provide up to 3500 Nm each. AVL VSM is used as the
simulation environment, which is designed for pure vehicle
simulations; see [9]. The experiments were conducted using a
tip-in/tip-out test and, in the end, full-braking maneuver with
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FIGURE 15. Comparison between the measured dynamometer speed and
the output of the identified model of the rear left side of the vehicle.

ABS. All comfort functionalities of the vehicle are deactivated
while the tests in the following sections are conducted. Due
to confidentiality agreements, this article cannot show com-
parisons with road measurements, but the PHIL test in speed
control configuration matched the road measurements and
can, therefore, be seen as a benchmark here. Before presenting
the results of the maneuvers, a system identification is shown
first.

1) PARAMETER IDENTIFICATION OF THE TEST BED

The correct knowledge of the parameters of the powertrain test
bed is crucial for the performance of PHIL tests. In order to
not rely on potentially inaccurate parameters from data sheets,
a short system identification is carried out [33]. Hereby, the
goal is to estimate the inertia of the dynamometer in combi-
nation with the additional shaft that is not part of the vehicle.
A gray box system identification was carried out based on the
following differential equation:

Jpwp = Tshaie — Ip — crwp — 2 (25)

where the shaft torque Tgpare iS considered the powering
torque, the dynamometer torque 7p is the load, c; denotes
a speed proportional friction coefficient, and ¢, is a static
friction. For the evaluation of the parameter estimation, the
Matlab System Identification Toolbox was used [34]. The
measurement data taken for the identification process are from
preliminary test runs where tip-in maneuvers were performed
in PHIL configuration. In Fig. 15, the outcome of the parame-
ter estimation is shown. The solid line in the upper plot shows
the measured dynamometer speed, whereas the dashed line
shows the model output of (25). In the lower diagram, the
solid line represents the shaft torque, and the dashed line the
dynamometer torque. The resulting torque Tshare — Tp accel-
erates the test bed in the first half of the experiment, while it
decelerates by the friction in the second half. As shown, the
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TABLE 2 Average Estimated Dynamometer Parameters

Jp C1 Cc2
3.03kg-m? | 0 Nm-s/rad | 252 Nm

model can represent the system sufficiently with low devia-
tions.

The estimated parameters of all four dynamometers have
a maximum deviation of 15%, and their average values are
listed in Table 2. Interestingly, the speed proportional friction
coefficient ¢; is zero, which means that the friction is con-
stant and does not depend on the speed. If a larger range of
velocities had been covered, it might be possible to detect
speed proportional friction. However, the friction is certainly
dominated by the static friction. For simplicity, a common
inertia instead of individual parameters for each powertrain
side is chosen for the control schemes in next sections.

2) TIP-IN/TIP-OUT TESTING

In contrast to the investigations in simulation, the controllers
presented are now used on all sides, i.e., four times. The
controllers work independently of each other. As the rear axle
works with greater power and torques, it was used intention-
ally, and the rear left side was used randomly to portray the
results. The first PHIL test presented is again the tip-in/tip-out
maneuver. Here, the throttle position is set from 0% to 100%
after a coast-down and released after a certain engine speed
is reached, with the process carried out in the same gear.
Through the sudden change in the throttle position, the gener-
ated engine torque also varies quickly, leading to oscillations
in the whole powertrain. This test is dynamically demanding,
but it is also a relevant scenario on test beds in which comfort
functionalities for vehicles are tuned and where powertrain
test beds with their identical conditions and additional sensors
are more beneficial than real road tests.

In Fig. 16, the tip-in/tip-out maneuver results are depicted.
The dashed line represents the speed control with feedfor-
ward control (speed control), the dotted line the speed control
with reference modification (speed mod.), and the dashed-
dotted line the torque control with feedforward control (torque
control). In the upper diagram of Fig. 16, the simulated lon-
gitudinal vehicle acceleration a is displayed, while in the
diagram below, the dynamometer speed wp of the rear left side
is depicted. In the beginning, the vehicle is coasting, leading
to a slight deceleration until the throttle is fully actuated at
around 0.5 s. The sudden change causes the whole powertrain
to oscillate, as the measurements in Fig. 16 show. All three
control strategies lead to almost the same results. The minor
deviations between the runs emerge partly by chance and
change from run to run. More significant differences in the
performance could not be observed. It is noted that the testing
time was somewhat limited and that the results displayed here
were generated with the controller parameters that were solely
tuned in the simulation, indicating that all concepts are easy
to implement in practice.
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FIGURE 16. Tip-in/tip-out maneuver on the test bed with different
methods.

wheel speed
————— dyno speed

speed (rpm)

1500

1000

500

torque (Nm)

time (s)

FIGURE 17. Tip-in/tip-out maneuver on the test bed with speed control
and feedforward control.

The next figures show the individual concepts in detail. In
Fig. 17, the speed control in combination with the feedforward
control is visualized. The upper plot shows the rotational
speeds of the rear left side of the vehicle, with the solid
line representing the simulated wheel speed ww, and the
dash-dotted line the dynamometer speed wp at the test bed.
In the diagram below, the input torque is shown, where the
dash-dotted line displays the output of the feedforward con-
troller, which is essentially the simulated tire torque TTjre; see
Section III. The black line indicates the total torque applied
at the test bed. For this concept, the wheel speed wy is the
reference signal for the controller. The diagram shows that the
dynamometer accurately follows the reference. However, this
is necessary because minor errors would already sum up to
large deviations due to the interaction with the virtual simula-
tion. The feedforward control handles the central part of the
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FIGURE 19. Tip-in/tip-out maneuver on the test bed with torque control
and feedforward control.

input signal. Only a slight correction needs to be performed
by the PI controller.

The speed control with reference modification is analyzed
in Fig. 18. In the upper diagram, the solid line represents
the simulated wheel speed wy, which in the end, is the de-
sired value for the dynamometer speed wp depicted by the
dash-dotted line. The modified speed, which is provided for
the PI controller, is depicted by the dashed line. Through the
modification, the dynamics of the closed-loop system shall be
overcome; see (20). In the lower diagram, the input signal is
shown without a feedforward signal since this control strategy
does not provide it. The effect of the modified speed can be
observed especially at the beginning of the tip-in, where the
modified speed overshoots in comparison to the actual desired
speed in such a way that the dynamometer speed almost per-
fectly matches the simulated wheel speed.

139



ERDOGAN ET AL.: EXPERIMENTAL VALIDATION OF INNOVATIVE CONTROL CONCEPTS FOR POWERTRAIN TEST BEDS IN PHIL CONFIGURATION

Real World Simulation
brake
pressure . adapted pressure P torque .
Brake Pedal - Hydra'ullc ressure to .Vehld.e <
Unit Torque Simulation
A
control input
ABS vehicle acceleration and speed
Control [«
Unit
A

dynamometer speeds

Powertrain | _ I

Test Bed

Controller |«

reference signals

measurements

FIGURE 20. Block diagram of the ABS testing procedure in PHIL configuration. The vehicle, its brakes, and its ABS control unit exist in reality, while the

tires and the chassis are simulated.

Fig. 19 focuses on the torque control with feedforward
control. Here, the solid line in the upper diagram again depicts
the reference, which is the expected torque Tsrﬁgft; see (23).
The dash-dotted line represents the measured shaft torque at
the test bed. Again, the measurements of the rear left side are
visualized. Analogous to the previous figure, the lower plot
represents the input signal. As can be seen, the desired shaft
torque is tracked well. The feedback controller only needs
to perform minor corrections similar to the previously shown
concept.

Generally, the results in this section prove that all three
investigated control concepts lead to satisfying outcomes at
powertrain test beds in PHIL configuration. Particularly, for
this highly sophisticated test bed setup, a free choice of the
control concepts can be made, and all of the controllers can be
implemented easily with minimum tuning effort. However, in
the case of known shortcomings at the test bed, an appropriate
control concept can be chosen according to the simulation
results from the previous section; see Table 1.

3) FULL-BRAKING WITH ABS

The last maneuver which is presented is full-braking with
ABS. Generally, the underlying goal of an ABS is to improve
the traction and the handling of a vehicle. If ABS testing on
a powertrain test bed in PHIL configuration is feasible, and
consequently other vehicle dynamic control systems, several
advantages result, such as identical environmental conditions
while testing. Moreover, time and costs can be saved by con-
ducting the experiments on test beds, and automated testing is
enabled.
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This maneuver is demanding for the controllers as the
torques and speeds rapidly change, and thus, it is well suited
for verifying if the control concepts can cope with highly
dynamic tests.

In Fig. 20, a block diagram shows the signal flow in this
experiment. First, the vehicle slowly accelerates to 45 km/h in
simulation on a surface with a road coefficient i« of only 0.08,
which is about 10% of the usual value on a dry road. Then,
the brake pedal at the test bed is fully actuated via a linear
motor. Depending on the vehicle speed, vehicle acceleration,
and the dynamometer speeds, the ABS control unit adjusts
the pressures of all four brakes via a hydraulic unit. Since the
chassis is not moving at the test bed, the vehicle speed and
acceleration from the simulation is utilized, while the actual
ABS control unit is used. The brake calipers are detached
from the vehicle, and metal pieces are clamped between them
as they would overheat without the cooling airflow of a real
drive. The resulting brake pressures are then passed on to the
simulation, where they are processed into brake torques. Apart
from the brake torques, the PHIL setup is identical to the
previous tests; see Fig. 3. Remarkably, the ABS control loop
leads through the real world and the simulation; see Fig. 20,
which requires fast control actions and makes this maneuver
particularly challenging.

The vehicle speed and the brake pressure during the ma-
neuver are shown in Fig. 21. After the speed of 45 km/h
is reached, the brake is actuated, and the ABS immediately
intervenes by adjusting the brake pressures.

In Fig. 22, a comparison of all control concepts of this
maneuver on the rear left side of the powertrain is shown.
The upper plot shows the wheel speeds ww, and the lower
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FIGURE 21. Vehicle speed and brake pressure of the rear left side during
braking. The ABS control unit constantly adapts the pressure to reduce
wheel slip and improve traction.
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FIGURE 22. Comparison of the different approaches in a full-braking
scenario with ABS.

diagram depicts the dynamometer torques 7p from the rear
left side of the test bed. As can be seen, the speeds rapidly
change up and down because the ABS tries to limit the wheel
slip. The changing brake pressures at the test bed influence the
braking torque in the simulation, causing these fast changes in
speed. Except, in the beginning, the fluctuations in the speed
are different, which is caused by random events as there are
real sensors involved in this run. The important thing here
is that their shape is the same, which is clearly the case.
It is also noted that the ABS, which itself was not part of
the investigations, performs well since it can slow down the
vehicle without locking up the wheels.

The full-braking maneuver with ABS is one of the most
dynamic maneuvers in powertrain PHIL testing. With its nu-
merous incorporated sensors and even built-in ABS, it could
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be proved that all three control concepts are effective and
suitable for this task. It can be assumed that other vehicle
dynamics controls can also be tested through this setup.

V. CONCLUSION

In this article, different control strategies for entire power-
train test beds in PHIL configuration were first explained and
then, compared in simulation and on a modern powertrain test
bed. One of the control strategies, which, in contrast to other
methods, accepts torque instead of speed signals as references,
is extended to match the performance of the other concepts.
Particularly, this control concept is beneficial in the case of
imprecise dynamometer torques, where it can quickly correct
deviations from the requested torques. On the other hand,
it is more prone to time delays in communication between
the test bed and vehicle simulation. The outcomes were also
summarized in a table showing each method’s advantages and
disadvantages, suggesting what method should be employed
in the presence of certain deficits at powertrain test beds.

The implementation on a state-of-the-art powertrain test
bed proved the technical feasibility of all control concepts in
practice. On highly dynamic maneuvers, it was demonstrated
that completely different control approaches led to results that
corresponded well with real driving tests. Even actual vehicle
dynamic control systems could be tested, which relied on real
and simulated signals.

In the future, connected test beds will certainly be an es-
sential topic in the automotive industry. They enable PHIL
testing with locally distributed test beds and simulation en-
vironments, leading to even more time savings and a further
decrease in costs. Through the larger spatial distances, time
delays in the signal flow become more dominant, forcing the
attention to time delay compensation techniques.
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