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a b s t r a c t

The complexity of automobile powertrains continues to rise, leading to increased development time and
effort. Synchronous testing with spatially distributed test benches allows improvements by front-loading
of the validation phase. Nevertheless, virtualization of the mechanical interaction of shaft connections is
required. A virtual shaft algorithm (VSA) is investigated for synchronized motion control in separate test
benches. The behavior of a rigid mechanical shaft is analyzed and modeled. The mechanical shaft is
substituted by two electrical motors and a superimposed VSA controller. This virtual shaft is established
between two test benches for a combustion engine and a mechanical transmission. Control algorithms
for synchronized motion control, known from web machines and force feedback, are analyzed. A con-
troller layout with separate torque and speed controllers is implemented and analyzed through transfer
function mathematics. The controllers are parametrized analytically for different gears. The effect of
communication delay on the VSA is analyzed by simulation. The open clutch situation is handled by
deactivation of the torque feedback. Validation on real test benches shows small deviations for torque
and speed. Further work will focus on the necessity of system knowledge for controller layout and on the
transient behavior during shifting.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The rising number and complexity of components in modern
powertrains has led to significant efforts in development and
testing. Virtualization allows one to shift tasks to earlier project
phases (front-loading) by utilizing specialized test benches instead
of prototype vehicles (road to rig) (Dodds & Plummer, 2001; List &
Schoeggl; Pelkmans & Debal, 2006; Sciuto & Hellmund, 2001),
thereby enabling the test procedure on the road to be replaced by
a test bench with simulated vehicle and road components. During
development, each element of the powertrain is analyzed sepa-
rately by considering component-specific requirements. Combus-
tion engine test benches offer excellent possibilities for emission
and efficiency analysis. Transmission test benches are focused on
durability tests and noise, vibration and harshness analysis.
ndert),
Powerful electric motors can be used to simulate the high torques
at the vehicle's wheels.

In Andert & Savelsberg (2015) and Andert, Huth, Savelsberg &
Politsch (2015), the road-to-rig idea is explored and extended by
connecting multiple test objects to a cyber-physical system with a
virtualized mechanical shaft connection. The aim of this approach
is to couple component test facilities to a virtual powertrain test
bench with a superordinated control logic that emulates a me-
chanical shaft connection (Fig. 1).

Each of the testing facilities consists of a controlled electric load
machine at the open end of the test object. The superimposed
controller synchronizes speed and torque in a way that corres-
ponds to a rigid shaft connection with low inertia and high
stiffness.

The synchronization of multi-motor systems to substitute me-
chanical shafts is implemented in most industrial web machines
and the theoretical background is well known in control theory
(Anderson, Meyer, Valenzuela, & Lorenz; Liu, Li, & Zhang, 2012;
Lorenz & Schmidt; Payette, 1998, 1999; Sun, 2003; Tomizuka, Hu,
Chiu, & Kamano, 1992). A good survey for the past 20 years is given
by Pérez-Pinal, Nuñez, Álvarez, and Cervantes. However, in all in-
vestigated approaches and realizations derived from industrial

www.sciencedirect.com/science/journal/09670661
www.elsevier.com/locate/conengprac
http://dx.doi.org/10.1016/j.conengprac.2016.08.005
http://dx.doi.org/10.1016/j.conengprac.2016.08.005
http://dx.doi.org/10.1016/j.conengprac.2016.08.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conengprac.2016.08.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conengprac.2016.08.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conengprac.2016.08.005&domain=pdf
mailto:andert@vka.rwth-aachen.de
mailto:klein_se@vka.rwth-aachen.de
mailto:savelsberg@vka.rwth-aachen.de
mailto:pischinger_s@vka.rwth-aachen.de
mailto:kay.hamayer@iem.rwth-aachen.de
http://dx.doi.org/10.1016/j.conengprac.2016.08.005


Virtual shaft

Transmission 
Test Bench

n

Combustion 
Engine Test 

Bench

Virtual Road, Driver and Vehicle Model

v

Controller 
algorithm

n, T n, T

Fig. 1. New testing approach employing synchronized motion control emulating a
mechanical shaft (Andert & Savelsberg, 2015).
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Fig. 3. Divided virtual shaft with ideal internal torque sources and inertias.
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application, the speed and partially the angular position are con-
trolled. For a substitution of the mechanical shaft in automotive
powertrain testing, the torque must be synchronized as well; this
is not covered by state-of-the-art approaches.

A more similar technical realization is the steer-by-wire ap-
proach with force feedback. In conventional steering systems, the
steering wheel is mechanically connected to the front wheels. In
the steer-by-wire approach, one substitutes this connection with a
steering motor and a feedback motor, both of which are electric
motors. In the past few decades steer by wire has attracted par-
ticular attention (Bertoluzzo, Buja, & Menis, 2007; Kenned & Pa-
til; Wang et al., 2014). In most approaches, the measured and
processed steering wheel angle defines the set point of the front
wheels and the measured wheel torque is superimposed on the
steering wheel torque applied by the driver to get realistic steering
feedback.

This control structure represents a kind of a coupled system
and seems to be very similar to the virtual shaft setup proposed in
this paper. However, the requirements and the problems differ
here. The master and slave topology of steer by wire has two op-
erating directions. The steering wheel position is used as an ex-
ternally defined set point, and the reaction force is fed back with a
low gain to the driver. Because power-assisted steering is required,
feedback torque and mechanical power at the feedback motor are
significantly lower in comparison to the wheel actuator. Owing to
the constrained torque feedback and the stabilizing driver beha-
vior, instability and oscillations can be avoided and the system can
be considered as two separate single-input and single-output
systems (Amberkar, Bolourchi, Demerly, & Millsap).

In contrast, coupling in the virtual shaft algorithm (VSA) is
identical in both operation directions with the same priority. The
resulting system interactions and the effects on controller layout
will be discussed in this paper.
2. Theory

2.1. System model

The first step in substituting a real mechanical shaft by a virtual
shaft connection is the understanding and the mathematical de-
scription of its behavior. A simple model for a physical shaft, in
which torsion, stiffness, and distortion are neglected, is an inertia
with two applied torques at each end of the shaft. A measurement
point divides the moment of inertia into two subinertia (Fig. 2).
Under these considerations, the physical description of the mea-
sured torque can be written in two ways:
ω ω= − · ̇ = · ̇ + ( )T T J T J T, . 1meas s meas s1 1 2 2
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Eqs. (1)–(3) will be used to describe the reduced physical be-
havior of a shaft with reference to a measurement point.

A separation of the ideal shaft into two systems without a
mechanical connection is then conducted (Fig. 3). The respective
open end is connected to an electric motor that simulates the
mechanical shaft connection. The inertias Js1/2 describe the inertia

of the divided ideal shaft as shown previously in Fig. 2. Both
electric motors are represented by torque sources T1/2. The addi-
tional inertia of the electric machine cannot be neglected and is
represented by JEM1/2.

The target of the VSA is to control the divided systems in a way
that corresponds to the reference layout (see Fig. 2). Eq. (4) shall
be fulfilled at any time. If this requirement is fulfilled, the separate
systems interact exactly like the reference system and any influ-
ence of the inertia JEM1,2 is compensated implicitly.
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According to the proposed structure and with Eqs. (1)–(3), the
torque and speed of both systems is described by
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The electric motors are defined as control outputs of the VSA.
The dynamic behavior of a torque- or speed-controlled electric
motor can be described by a dead time representing the commu-
nication and inverter delay and at least one first-order lag for the
control lag (Schröder, 2009). In this study, a dead-time transfer
function in combination with a PT1 is supposed:
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Based on these assumptions, the divided shaft (Fig. 3) is applied to
a spatially distributed automotive powertrain. The internal combus-
tion engine (ICE) and the transmission (TM) are located in two dif-
ferent test benches. The virtual shaft is applied between the crank-
shaft of the ICE and the clutch input of the transmission (Fig. 4). The
ICE is modeled as an ideal internal torque source TICE and a constant
inner inertia JICE int, that corresponds to all rotating parts. JICE int, and Js1
have the same rotation speed and can be combined as JICE. The same
approach is used for JTM, representing transmission, clutch, final
drive, and vehicle inertia. Naturally, the equivalent inertia of the
transmission test bench, JEQ, depends on the engaged gear and on the
status of the clutch (open or closed). In particular, in an open-clutch
situation, JEQ reaches very low values.

The VSA controls both electric machines with a PT1 behavior as
described before. The set point of the electric machine in the ICE
test bench, u ,1 is influenced by the output u2 and vice versa.
Therefore, the systems are strongly coupled. In the next section, a
cascaded control based on a force-feedback approach is designed
to solve this issue. For the sake of simplicity the dead time will be
neglected in the next section, but afterwards it will be included in
the simulation.

2.2. Controller structure

A torque and speed synchronization approach corresponding to
a steer-by-wire system is applied. In Amberkar et al., two separate
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Fig. 5. VSA structure with two
torque and position feedback loops are proposed. This concept is
transferred to control the speed in the ICE bench and the torque in
the transmission bench. This definition is according to a conven-
tional testing procedure but could also be applied vice versa. The
synchronization point is achieved if each set point matches the
measured value of the other system and the closed loop is strictly
stable. Hence, both feedback loops have the same priority and no
master/slave topology is applicable as used in conventional steer-
by-wire applications.

Owing to their simple implementation and wide use, in a first
approach PID controllers are implemented. The torque and speed
controller outputs are described in the frequency domain by

( ) = ∀ < ( )u t t0 0, 7
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PID1 controls the speed of the electric load machine of the
combustion engine according to the set point measured at the
transmission input and PID2 controls the torque of the transmis-
sion input, respectively.

This interpretation shows clearly the coupling of both systems
and the dependencies of the two controllers. In other words, the
first PID controller is part of the second loop and must be con-
sidered during the parameterization of the second controller and
vice versa. Any decoupling algorithms such as those in Boksenbom
& Hood, Luyben (1970), and Föllinger & Konigorski (2013) are not
applicable, because the synchronization would be lost.

The intended coupling of the systems, which can be seen as a
target of the VSA, is the main issue during the parameterization of
the PID controllers. The resulting control structure under con-
sideration of the coupling is shown in Fig. 5.

This structure is similar to a cascaded control with the trans-
mission bench as the inner loop (torque feedback) and the engine
bench as the outer loop (speed feedback). The transmission input
torque TTM and the engine torque TICE are interpreted as dis-
turbances and will be neglected for the controller layout. The
open-loop transfer function of the inner loop corresponds to a
first-order lag with an inertia-dependent gain:
+ PID2 PT1 JEQ +
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Table 1
Powertrain configuration.

Parameter Value

mVehicle 1320 kg
JICE 0.213 kg m2

JEM1 0.85 kg m2

JEM2 0.072 kg m2

Js 0.0001 kg m2

TEM1 0.032 s
TEM2 0.025 s
iGear1 3.83
iGear2 2.2
iGear3 1.4
iGear4 1
iGear5 0.81
iFinalDrive 3.743

Table 2
Inertia/gain dependency of selected gear for a system without dead time.

Gear JEQ (kg m2) GPID1 GPID2

N 0.0001 =T 0.0762I =T 0.012I

TD¼0.019 = · −T 2 10D
4

=K 1.76p = ·K 1.5 10P
4

1–5 TI¼0.4052 TI¼0.0047
TD¼0.0411 = · −T 4 10D

6

1 0.639 KP¼69.7 =K 4.26P

2 1.937 KP¼211 =K 3.97P
3 4.783 KP¼521 =K 3.89P
4 9.374 KP¼1020 =K 3.86P

5 14.278 KP¼1560 =K 3.85P
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The inner closed-loop transfer function ( )G sw TM, depends on the
system inertias JEM2 and JEQ. As the equivalent inertia JEQ depends
on the engaged gear and the clutch situation, the tuning of the PID
factors has to be performed for each system state separately.
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For the estimation of the open-loop transfer function of the outer
loop (speed feedback), Eq. (12) has to be taken into account:
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The derived functions show a structure similar to a cascade. To
utilize this analogy, ω2 is defined as the control variable and ω1 as
an external setpoint. In other words PID1 controls indirectly the
speed of the transmission test bench. However the definition ofω1

as the set point leads to a model error. An example for the per-
formance impact of the inner loop on the outer loop is shown in
Section 2.4.3.

2.3. Controller parametrization

The controller is adapted to a vehicle powertrain with 5 speed
manual transmission as listed in Table 1. In the first instance, the
PID gains are calibrated for the derived control plants of the ideal
system (cp. Eqs. (10) and (13)). Afterwards, dead-time is added to
the system and the effects on controller parametrization are
analyzed.

2.3.1. System without dead time
PID-design conditions are a phase margin of °60 for the inner

loop and °90 for the outer loop. The high margin for the outer loop
is chosen to suppress undesired overshoots of the rotational speed.
The maximum bandwidth is given by the finite constrains of the
Table 3
Inertia/gain dependency of selected gear for a dead time system.

Gear JEQ (kg m2) GPID1 GPID2

1–5 TI¼0.0122 TI¼0.0122
TD¼0.003 TD¼0.003

1 0.639 KP¼148 =K 1.29P
2 1.937 KP¼229 =K 1.2P

3 4.783 KP¼353 =K 1.18P
4 9.374 KP¼461 =K 1.17P
5 14.278 KP¼527 =K 1.17P



Fig. 8. Step response of virtual shaft with and without dead time for first gear. Fig. 9. Unstable VSA step response with dead time for an open clutch.

Fig. 10. VSA step response with a correct controller set.
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hardware used for the experiment (e.g. maximum torque gra-
dients). Under these conditions the calibration is done by using
bode plot open loop shaping. Tuning of the PID factors is done
depending on the clutch state and engaged gear accordingly. The
influence of JEQ on the PID factors for both controllers is listed in
Table 2.

In gears 1–5 the controller gains are chosen to have exactly the
same closed loop behavior. Owing to the same dynamics (locus of
poles and zeroes), only the loop gain is adapted to achieve the
exact same response. The bode plot of the outer open loop is given
in Fig. 6 and represents all engaged gear control plants. With the
help of the bode plot it can easily be shown that the phase margin
is always greater °0 for all possible closed loop gains. Therefore,
from a stability point of view the PID configuration set with the
highest gain (here gear 5) would be viable for the other gears.
Hardware constraints and hardware protection limit the viable
maximum jerk to the crank shaft and the transmission input shaft.
Thus an optimal control performance is achieved with constant
maximum bandwidth and different sets of PID-controller gains.

As shown in Table 2, the small inertia JEQ in neutral gear results
in PID gains that are far higher than in engaged gear situations.

2.3.2. Dead time system
For a more realistic behavior, the model is extended by a

communication dead time of 500 μs and an electrical machine
inverter dead time of 4 ms. The dead time elements are approxi-
mated as second order all-pass filters, obtained by a second order
Padé-approximation (Normey-Rico & Camacho, 2007). The open
loop transfer functions (Eqs. (10) and (13)) and the PID-controller
parameter sets are adapted accordingly. The controller gain for
systems with dead time must be decreased to achieve a stable loop
(Normey-Rico & Camacho, 2007). Fig. 7 illustrates the adaption for
the inner loop with engaged first gear. The dash-dotted curve
shows the amplitude and phase response without any dead time.
The bandwidth is designed set to 200 rad/s, resulting in a phase
margin of 60°. The solid line shows a combination of non-dead
time controller and dead time systems resulting in a phase margin
of < °14 . The dashed line shows the adapted controller according to
the dead time system. The phase margin is adjusted to °60 , but the
bandwidth is decreased to 60 rad/s.

The controller configuration for the system with dead time is
given in Table 3.

A detailed analysis of transient effects and the control quality is
done by simulations and subsequent test bench measurements.
2.4. Simulation results

For a first evaluation of the transient behavior, the VSA con-
troller is tested in a simulated environment. A Matlab/Simulink
model with a fixed step size of 50 μs is created based on available
test bench components. The electric machines are represented by
inertia and ideal torque sources with a PT1 behavior and a speed-
dependent torque limit. In general, the PT1 lag and communication
latency are variable and can be adapted to different configurations.
The simulation is conducted for engaged gears and an open-clutch
situation as listed in Table 2.

2.4.1. Engaged gear situation
The system step response without dead time to a stimulus by

torque TICE is shown in Fig. 8 with solid lines. After a short tran-
sient period, both torque and speed signals, Tmeas1/2 and ω1/2, show
good congruence. The controller reaction to the input step is stable
and no persistent oscillations are observed.

In the dead time simulation the system is stimulated by the
same input function and the results are shown as dashed lines in
the same Fig. 8. Apparently, the dead time results in a delay at the
beginning of the step and consecutively leads to a larger control
error. However, the system is still stable and the stationary point of
both systems is approximately equivalent.



Table 4
Correct parameter set for gear
5.

Controller Plant

PID2 TM in gear 5
PID1 PID2 for gear 5

Table 5
False parameter set for gear 5.

Controller Plant

PID2 TM in gear 5
PID1 PID2 for gear 1

Fig. 11. VSA step response with a wrong controller set.

Fig. 12. Implementation of VSA on spatially distributed test benches and TOM
systems.

Table 6
Characteristics of the internal
combustion engine.

Cylinder number 6
Displacement 2.5 l
Nominal power 110 kW
Nominal torque 215 N m

J. Andert et al. / Control Engineering Practice 56 (2016) 101–110106
2.4.2. Open clutch situation
A problem occurs in an open-clutch situation. As described in

Section 2.3 the PID gains were adapted for a system with dead
time. Nevertheless in neutral gear stable operation cannot be
achieved. Fig. 9 shows the unstable VSA step response for a dead
time system. Furthermore, the controller gains are not viable in a
real experimental setup and an alternative approach is required.

The measured torque of the non-separate reference system can
be described by

=
· − ·

+ ( )
T

T J T J

J J
.

14
meas

ICE EQ TM ICE

ICE EQ

For an open-clutch situation, the input torque TTM is zero. JEQ is
dominated by the shaft inertia J ,s which can be neglected in
comparison with the combustion engine inertia JICE. This results in

= ·
+

→
( )

⪡
T T

J

J J
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15
meas OC ICE

EQ

ICE EQ

J J

,
EQ ICE

In the open-clutch situation, no torque feedback will occur and
the cascaded controller structure is no longer required. Instead,
only the speed signals ω1/2 have to be synchronized. The reference
system has a high inertia JICE on the combustion engine side and a
low inertia Js on the transmission side. Plausibility considerations
indicate that the engine speed should be used as the reference
signal and the transmission input speed should follow.

Therefore, a fundamental change of the controller structure is
required for the open-clutch situation in a system with
communication latencies. The speed controller PID1 of the ICE side
is deactivated. The torque controller PID2 of the transmission will
change to a speed control manner to follow the ICE speed without
a torque feedback signal. Because the shaft inertia is low in com-
parison with the electric motor inertia, PID parametrization is
done according to an open-load situation.

The simulation shows that the system behavior is strongly
dependent on communication latencies. A stable controller para-
metrization cannot be achieved for an open-clutch situation and a
change of the controller structure is required. Detection of this
situation by a clutch actuator position sensor has to be im-
plemented to ensure component safety during testing.
2.4.3. Controller dependency
As shown in Eq. (13), the transfer functions of the engine

testbench speed controller PID1 depends on the reference transfer
function of the transmission test and the equivalent inertia JEQ. The
reciprocal dependencies were taken into account during controller
parametrization. Simulations are carried out to analyze the sen-
sitivity of this approach. A well-tuned system according to the
proposed VSA is compared to an estimated wrong gear.

Fig. 10 shows the response of the non-dead time system to a
stimulus by torque TICE. The 5th gear is engaged and the clutch is
closed. The controller gains are parametrized according to the
scheme developed in this study. GPID1 is calculated under con-
sideration of the correct inner loop including GPID2 (cp. Table 4).

A good torque and speed synchronization is achieved and the
coupled system is stable.

In a next step, a mismatched parametrization is investigated.
The outer loop controller is computed based on a wrong inner
loop, in this case for gear 1 instead of gear 5 (cp. Table 5).

The results shown in Fig. 11 demonstrate the impact of the
transmission test bench on the ICE test bench controller. The tor-
que signals still show good congruency, but the speed control
quality is clearly deteriorated (Fig. 11). The torque set point is
determined correctly and the outer controller has to limit the
speed of the ICE test bench. The supposed inertia is too low,
therefore the braking torque is too low and the speed of the ICE is
overshooting.



Table 7
Characteristics of the electric motor used for the VSA.

Parameter
(unit)

EM1, ATS ASM EM2, K&A PMSM

M (N m) 343 90
n (min�1) 5000 6400
U (V) 460 405
I (A) 304 408
J (kg m2) 0.85 0.072
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Fig. 13. Result of VSA test procedure, speed boundaries according to ECE-15.
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3. Experimental setup

At the Center for Mobile Propulsion of RWTH Aachen Uni-
versity, different test benches for combustion engines, heavy duty
engines, range extenders, transmissions, batteries, and electric
machines are available. This infrastructure allows a flexible con-
figuration of hybrid and conventional power-trains with virtua-
lized interaction. A combustion engine and a separated transmis-
sion test bench are used to implement and test the VSA.

The simulation results indicated a strong correlation of con-
troller stability and communication latency. Therefore, strictly
deterministic communication behavior is a requirement to ensure
component safety. Cena, Bertolotti, Scanzio, Valenzano, and
Zunino (2012) show that the EtherCAT communication protocol
with a distributed clock mechanism can meet hard real-time
constraints. This approach is used for the communication between
both test benches, the respective frequency inverters, and torque
measurement devices. Both test benches are managed by an FEV
Test Object Manager (TOM). The VSA is implemented as a dis-
tributed system with PID1 and PID2 located on different TOM
systems and synchronized by the distributed clock algorithm. The
desired control trajectory of engine load and gear position is de-
rived from the drive cycle and directly controlled by the trans-
mission TOM system (Fig. 12).

The technical data of the ICE are specified in Table 6. The
control input is defined by the automatic driver and transmitted
via the EtherCAT network to the engine TOM. The second test
object is a manual transmission with an automated shift lever and
clutch actuation directly controlled by the transmission TOM.

The VSA logic is implemented by two electric motors, whose
parameters are specified in Table 7. The PID controllers used are
parametrized for the closed-clutch situation in gears 1–5 accord-
ing to the procedure described in Section 2.2. For detection of the
open-clutch situation, the clutch actuator feedback signal is con-
sidered. In an open-clutch situation, the electrical load machine of
the combustion engine is set to zero torque and the transmission
electrical motor is operated in speed control to follow the engine
speed.

To provide an objective and realistic investigation of the virtual
shaft performance, a European driving cycle (ECE15) (Barlow, La-
tham, McCrae, & Boulter, 2009) was executed. The cycle consists of
three positive velocity phases and is described in Fig. 13.

The blue line shows the real driven velocity and the red line
shows the ECE constraints. Because the goal of the experiment is
the evaluation of the VSA, high fluctuations in torque and speed
were desired. Therefore, low-quality shifts and temporary valida-
tion of the speed limits are not only accepted but beneficial.
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4. Measurement analysis

An evaluation of the VSA can be done by comparing speed and
torque profiles in both test benches. A complete overview of the
resulting speed and torque of both test benches is plotted in
Fig. 14. The clutch actuator signal is scaled in the range of 0
(closed) to 100 (open). Because of the absence of a dedicated re-
ference value, the percentage control error cannot be described as
absolute control error related to the reference. Instead, the abso-
lute difference of the mechanical power is considered.

The ECE cycle demonstrates good synchronization of both sides
of the VSA from a macroscopic viewpoint. A significant control
error appears around 150 s. This deviation is caused by the re-
striction of the maximum output torque of the transmission input
electrical motor. Hence, no conclusion about the control perfor-
mance in this time range is possible, but subsequently the control
error is minimized again.

Because of significant differences in system behavior, the states
in which the clutch is closed and open and the transition phase
will be analyzed separately.

4.1. Engaged-gear situation

A common use case of the VSA is characterized by a closed clutch
with an engaged gear and an equivalent inertia JEQ that is dominated
by the vehicle inertia. This situation occurs during driving with the
exception of a slipping clutch at initial vehicle motion and during
gear changes. Fig. 15 shows an excerpt of the ECE test. The clutch is
closed (position¼0%) and the VSA is active. The automated driver is
following the vehicle speed profile, which leads to common torque
and speed profiles of the combustion engine output and the trans-
mission input, respectively. The engaged gear is used for the selection
of the appropriate set of PID gains. The VSA ensures that both signals
converge without usage of any a priori knowledge of the drive cycle.

The system reactions to transient torque changes of the ICE
show a lag of the transmission input torque owing to the in-
evitable communication latencies. The torque phase error leads to
oscillation of the power error of E2 Hz. At steady-state condi-
tions, the power difference converges to zero.

The VSA shows excellent potential application for situations
with constant boundary conditions, characterized by the equiva-
lent inertia JEQ. A proof of controller stability was given in the si-
mulation and at the test bench setup when utilizing strictly de-
terministic EtherCAT communication with constant latency.

4.2. Open-clutch situation

Based on preliminary simulations, the VSA logic has to be
changed in situations of very low equivalent inertia JEQ in systems
with communication latencies. As described in Section 2.4, the
torque synchronization is deactivated to avoid unstable operation
and component damage. The torque controller of the transmission
input electrical motor is deactivated; instead, the speed of the
combustion engine ω1 is the new set point.

This situation occurs at engine idle and during shifting. When
the gear change process is terminated, the clutch is closed and the
VSA is reactivated.

The measurement of an open-clutch situation is shown in
Fig. 16 and indicates very good synchronization of the speed sig-
nals at transient ramp-down and at steady-state engine idling. The
maximum speed error is <1% and its mean value is E0.1%.
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In contrast to the expected data, the measured torque on the
ICE side, Tmeas1, is not equal to zero during ramp-down. This is
because of the additional electrical motor inertia that is added to
the system in comparison to the reference layout. The implicit
inertia compensation is not effective when the torque synchroni-
zation controller is deactivated. Apparently, this torque error is
only effective on the ICE side, as the transmission input is speed
controlled and the shaft inertia Js2 is very small. Obviously, the
resulting torque synchronization error directly effects the energy
balance of the system.

Changing the control logic in an open-clutch situation guar-
antees system stability. However, consistency of the transmitted
torque and power is no longer given. In addition, the system speed
differs from that of the reference system owing to the additional
inertia. Active compensation of the electrical motor inertia is re-
quired to achieve good congruence with a mechanically coupled
system.

4.3. Transition state

The transient phase between both VSA states is of particular
relevance because the system behavior changes drastically. The
clutch ensures a smooth blending on the mechanical side, whereas
the controller has two discrete states. The clutch signal is com-
pared to a threshold for determination of the preferred VSA
strategy. Fig. 17 shows a vehicle launching with a continuously
closing slipping clutch. Simultaneously, the ICE torque is increased.
Because the system is in a sole speed control mode and no torque
feedback is active, the torque increase is only visible at the engine
side and the power error shows a value of E�3 kW. At t¼64.8 s,
the VSA is switched to active torque control and after a transient
phase of E1.5 s torque and speed synchronization are
reestablished.

The equivalent inertia JEQ cannot easily be calculated in a slip-
ping-clutch situation. Fig. 17 shows clearly that intermediate states
with a slipping clutch cannot be covered by discrete VSA controller
parameterization. The VSA approach has to be expanded for suf-
ficient control quality during transient conditions.

4.4. Energy balance

From a superordinate or fuel effort viewpoint energy con-
sumption of both systems is more important than the exact syn-
chronization of torque and speed. Therefore, the energy through-
put of both test benches is subsequently analyzed. The energies of
the two systems are plotted in Fig. 18 and must be even for a
suitable substitution of the real shaft.

The diagram shows the converted energy in the entire test
cycle. The mean energy error is 4.92% at the end of the test. Two
main reasons for this deviation can be identified. First, the torque
feedback loop deactivation in an open-clutch state has a negative
impact. The additional inertia of the electric machine influences
the energy balance of the VSA (Fig. 16). Another reason for the
discrepancy is the limitation of the transmission input electrical
motor, as shown in Fig. 14. Apparently, the constraint leads to a
difference in transmitted power and deterioration of the energy
balance. This result in Fig. 18 shows that the VSA in the current
setup is suitable for initial fuel consumption estimations. How to
improve the energy balance should be studied in further work.
Because the transient torque and speed profiles show significant
differences, emissions that depend on transient operation have a
lower accuracy. For better accuracy of emission measurements,
particularly the transient behavior accuracy has to be enhanced.
5. Conclusions

In this study, the substitution of a physical shaft connection between
two powertrain components was evaluated. The mechanical shaft was
mathematically described. Two electrical motors were used to emulate
the respective ends of a spatially distributed powertrain. The VSA was
applied to a conventional powertrain between a combustion engine and
a transmission. A cascaded control structure, derived from force feed-
back applications, was chosen for torque and speed synchronization.
The VSA consists of two PID controllers, whose parameterization de-
pends on the system states: the clutch state and the engaged gear. This
leads to the conclusion that the VSA requires knowledge about the
system, in contrast to a real mechanical shaft. Simulations have been
performed to study the effects of communication latencies. It was
shown that the open-clutch scenario requires special handling to avoid
unstable operation. The VSAwas tested on a real automotive powertrain
in a standard ECE drive cycle with an automated driver. For the closed-
clutch phase good convergencewas shown except for a phase shift with
a frequency of 2 Hz. The open-clutch scenario has limits based on
changing rotational speed. The additional inertia affects the system
behavior and degrades the system accuracy. In particular, the transient
behavior when the clutch is slipping poses significant challenges. Con-
trol accuracy by a VSAwith discrete states is not sufficient. Nevertheless,
the overall energy balance shows <1% difference and is suitable for
powertrain layout. One possible option for optimizing the virtual shaft
control deviation during gear change events is using a feed-forward
lead-lag compensation of the external torque. This approach requires a
direct measurement of the disturbance variables, e.g. the internal
combustion engine torque derived from gas pressure of each cylinder.

Further work will focus on possible controller layout im-
provement by using system knowledge. As an example, the use of
the current clutch capacity as an input for a gain scheduling con-
troller is expected to enhance the transient behavior during
shifting. Another approach that will be investigated in the future is
to use adaptive parameters derived from observation of the clutch
position. Furthermore, the effects of active inertia compensation
during transient periods have to be analyzed in detail.
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