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Abstract—In this paper we present a concept for assessing
the robustness of automotive smart power ICs through lab mea-
surements with respect to application variance and parameter
spread. Classical compliance to the product specification, where
only minimum and maximum values are defined, is not enough to
assess device robustness since complex transients of application
components cannot be defined within single specification param-
eters. That is why application fitness becomes a necessary task to
reduce device failures, which may occur in the application. One
solution would be to enhance traditional lab verification methods
with a concept that considers application and parameter spread.
This innovative concept is demonstrated on an electronic throttle
control application. It has been emulated in real-time, including
power amplification and application-relevant parameters. Monte
Carlo experiments were carried out within the application
space to evaluate the influence of parameter spread on selected
system characteristics. Finally, an appropriate metric was used
to quantify the robustness of the micro-electronic device within
its application.

Keywords: Automotive Power Micro-electronics, Electronic
Throttle Control, Post-Silicon Verification, Application Fitness,
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I. INTRODUCTION

Robustness of automotive smart power micro-electronics
can be defined as the ability to operate safe and reliable under
all possible operating conditions or, not to fail under any
allowed condition. Traditional post-silicon verification tends
to check the compliance of device behavior to the product
specification. It is obvious that compliance with the specifica-
tion is a necessary condition, but does not necessarily confirm
that the device is working safe and reliable inside its target
application since the specification provides no statement about
application profiles. A necessary additional task is to assess
application fitness and provide a metric for the robustness of
the device under test within its application.

Monte Carlo experiments with access to the full application
space [1] allow to analyze and evaluate a system characteristic
dependent on spread of application parameters. Hence, it is
possible to generate large statistics but there is no quantified
metric about application fitness of the device under test.
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Therefore, we want to assess robustness of automotive
power micro-electronic devices by using an appropriate metric
for single specification parameters when considering variances
in their target application [2]. There are different types of
metrics which can be used to quantify how a performance
parameter is correlated to a corresponding specification bor-
der. Examples in this case can be, for instance, the Worst-
Case Distance (WCD) [3], [4]. WCD is commonly used for
yield analysis and design centering. Furthermore, Response
Surface Models [5], [6] are used for minimizing influences of
application parameters, such as parameter spread of external
components, on system characteristics based on polynomial
metamodels.

The paper is organized as follows. In Chapter II, we
discuss different concepts for emulation topics and point out
limitations compared to the presented approach. The concept
for emulating different parts of automotive applications for
mixed-signal power devices is presented in Chapter III and
demonstrated for an electronic throttle in Chapter IV. An
evaluation of the electro-mechanical system is provided in
Chapter V while experimental results combined with a statisti-
cal analysis is presented in Chapter VI. Chapter VII concludes
this paper with a summary and outlook for future work in this
research area.

II. RELATED WORK

There is a wide range of research activities related to
Hardware-in-the-Loop (HIL) topics since they offer a good
solution for testing equipment in a safe way and an early stage
during the development process of (micro-) electronic devices.
Classical Hardware-in-the-Loop approaches offer a connection
between micro-electronic device and target application or
environment that is simulated on different types of signal
processors, such as DSP, FPGA or power PC.

Meanwhile, these concepts are used in different areas, such
as testing the correct functionality of control algorithms [7],
[8] (e.g. a simulated motor controlled by a pulse width mod-
ulated (PWM) signal) or checking communication and sensor
interfaces [9]–[11]. Under these conditions, the system gives
feedback about interactions between the device under test and
the real-time simulated application as long as they only refer



on digital signal exchange. If the behavior of device under
test depends on real power levels (e.g. current flow through
a motor bridge dependent on the motor characteristics), these
approaches reach their physical limits.

In order to overcome this limitation, a further development
of these systems was introduced, called Power Hardware-in-
the-Loop (PHIL). Compared to traditional Hardware-in-the-
Loop solutions, PHIL systems include power amplification
concepts to convert digital values into analog power levels.
This enhancement allows the analysis of the device’s electrical
behavior based on real power levels. Research in this field goes
in different directions, such as emulation topics in the area of
lithium-ion battery cells [12], [13] or electrical alternators [14],
[15]. Although these approaches are emulating different types
of voltage sources, they are not applicable for emulation topics
in the area of electric drive systems and motor applications.

Emulation topics, which are more related to electric drive
systems can be found in the area of motor emulation. There are
existing approaches emulating the electric behavior of several
types of motors, such as DC motors [16], [17] and multi-phase
motors [18], [19]. Limitation of these approaches is often
their low bandwidth. Electrical motors for engine management
tasks, such as an automotive electronic throttle, are controlled
with fast switching PWM signals for an optimal control of
airflow inside the internal combustion engine. Since the sample
rate of the PHIL system goes hand in hand with the accuracy
of the approach, it is necessary to achieve high closed-loop
speeds when assessing the robustness of the device under test
with respect to the target application.

Beside low bandwidth problems, further challenges that
must be solved when emulating these types of complex
systems, is the modeling of mechanical behavior and how
mechanics influence the electrical behavior of the motor. The
electronic throttle control application is an electro-mechanical
system, where a DC motor is connected to a mechanical
system consisting of gear transmission and throttle valve.
For emulation topics and for robustness assessment of this
automotive application, it is necessary to have access to both,
electrical as well as mechanical parameters.

III. EMULATION CONCEPT OF AN AUTOMOTIVE THROTTLE

The hardware architecture for emulating motors controlled
by any type of integrated motor bridge is a further development
of the load emulation concept, which was presented in [20] to
emulate incandescent light bulbs or lithium-ion battery cells.
For automotive power load emulation topics, the system was
configured to act as a controlled current sink connected to
the output of a smart high-side switch. For lithium-ion battery
cell emulation, the system acts as a controlled voltage source,
setting up the cell voltages based on its charge and discharge
current. The hardware concept for the presented use case,
when emulating an electronic throttle valve connected to any
type of integrated motor bridge, is depicted in Figure 1.

The model equations for the electro-mechanical system are
evaluated in real-time on the FPGA separately for both load
channels CH2 and CH3. In case of using integrated motor

Fig. 1. Hardware setup for emulation of an electronic throttle valve

bridges, the control of the power amplification circuit is more
complex compared to the concept used in [20]. In the real
application, the electro-mechanical system is located between
one low-side/high-side pair of the motor bridge. One side of
the motor bridge is triggered with the same digital enable
signal while the low-side drivers contain inverters at their gate
connection to prevent short circuits between VS and ground.
For an emulation of the DC motor in this configuration, it is
necessary to distinguish between two states.

• If the high-side drivers are switched on, the respective
amplifier channel must behave as a current sink.

• If the low-side drivers are switched on, the respective
amplifier channel must behave as a current source.

The transition between current source and current sink
(substituted with Control & Logic in Figure 1) is linked
to the digital enable signals, which are used to control the
integrated motor bridge. This is why the closed-loop frequency
of the application emulation system is of great importance
to minimize errors coming from the dynamic re-configuration
between sinking and sensing current. Furthermore, CH1 of
the multi channel power amplifier was configured to generate
the supply voltage VS of the device under test. This extension
allows an easy and automated adjustment of VS or, in case
of further exploration of the verification space, an evaluation
of the battery model including parts of the automotive wiring
harness, whose simplified model was already presented in [1].

Beside hardware architecture, software is required to control
the application emulation system. The software needs to
provide the following tasks for assessing robustness of micro-
electronic devices, besides control of the emulation system:

• Automated measurement execution.
• Resolve statistical variations of selected parameters.
• Post-processor for report generation and analysis steps.
The final software implementation to solve the requirements

listed above is the extension of an existing lab automation
environment, presented in [21]. The software extension for
controlling the application emulation system is a graphical
user interface, which is remotely configurable on the basis
of the existing measurement and automation environment,
developed in Labview. This software is able to control external
equipment (e.g. oscilloscope, DC power supply) via general
purpose interface bus interface and the application emulator



via ethernet connection. An integrated real-time controller,
implemented inside the application emulator, handles data
transfer, save voltage and corresponding current waveforms
in its internal memory and send it instantly to the software
running on the host PC. After finishing the test, a report
generator, which has access to a subset of Matlab functions,
post-processes the raw data coming from the emulator. Based
on this report, a routine calculates robustness metrics (e.g.
WCD values) for pre-defined device parameters.

Fig. 2. Software architecture for automotive application emulation

IV. MODEL OF AN ELECTRONIC THROTTLE VALVE

As an implementation example, the electronic throttle con-
trol (ETC) within automotive applications has been chosen.
This application, presented in Figure 3, contains electrical
components in form of a DC motor as well as mechanical
components like gear transmission and a throttle valve. There
are models of these electrical and mechanical components
available in different languages like Matlab/Simulink, VHDL-
AMS, SystemC-AMS, etc. For our approach we present a
different modeling flow to evaluate the differential equations
of this electro-mechanical system in real-time on a FPGA
and control the current flowing through the integrated motor
driver with a dynamically configured and controlled power
amplifier [20]. Compared to classical mixed-signal simulation
models, which are using implicit differential equation solvers,
our approach requires the transformation from differential
equations to difference equations to be solved by the FPGA.

Fig. 3. Components of an automotive electronic throttle

DC Motor:
The model of the DC motor is based on an electro-mechanical
model, considering the armature resistance, armature induc-
tance and the back electro-motive force (Back-EMF) for the
electrical part and the generated torque and power losses for
the mechanical part. This behavioral model and a way for
extracting motor parameters was presented in [22] and used
for simulation of the advanced front lighting where an electric
motor controls the high beam headlight leveling. The following
equation expresses the electrical behavior of the DC motor:

vDUT (t) = kt · ωMotor +RMotor · i(t) + LMotor ·
di

dt
(1)

where vDUT (t) is the time-variant voltage at the DUT
output, i(t) is the motor current, RMotor, LMotor are the
armature resistance and armature inductance, respectively,
while kt is the torque constant. The mechanical behavior of the
DC motor is modeled according to the following expression:

TMotor(t) = −kt · i(t)+DMotor ·ωMotor+JMotor ·
dωMotor

dt
(2)

where TMotor is the generated torque, DMotor is the
damping constant and JMotor is the moment of inertia of the
DC motor.

Mechanical subsystem:
The mechanical part of the electronic throttle valve application
contains a gear connected to some kind of mass-spring system.
The gear transmission expresses the following relationships:

TGear,out = gGear · TMotor · ηGear (3)

ωGear =
ωMotor

gGear
· ηGear (4)

where TGear,out is the torque dissipated by the complete
mechanics, ωGear,out is the angular velocity at the gear’s
output and gGear is the gear transmission ratio. ηGear repre-
sents the degree of effectiveness, which must be added when
considering non-ideal components.

Additionally, the gear transmission is also afflicted from
power losses like inertia and viscous friction of the mechanics
and can be modeled as follows:

TGear,Inertia = JGear ·
dωMotor

dt
(5)

TGear,Friction = DGear ·
∫
dωMotordt (6)

where JGear is the moment of inertia and DGear is the
damping of the gear. This leads to the following torque
TMech that is consumed by the complete mass-spring system
replacing the throttle valve:

TMech = TGear,out − TGear,Inertia − TGear,Friction (7)



The throttle itself suffers, just as the motor and the gear
transmission, from power losses caused by friction and inertia
of non-ideal components. The whole torque consumption can
be calculated based on Kirchhoff’s law for mechanical nodes:

TMech = TTh,id + TTh,Loss (8)

where TTh,id is the torque of the ideal mass-spring sys-
tem and TTh,Loss describes power losses inside the throttle.
Replacing both parts of the torque with model parameters
of the physical mass-spring system leads to the following
expressions:

TTh,id = DSpring · (
∫
ωGeardt+ θInit) (9)

TTh,Loss = JSpring ·
dωGear

dt
(10)

where DSpring stands for the spring constant, JSpring is
the inertia of the mechanical subsystem and θInit defines the
initial angle of the throttle valve. In the real application, the
throttle valve is not completely closed to prevent freezing in
case of low ambient temperature.

The last part of the throttle mechanics is the limiter, which
defines the maximum valve opening. Unlike the remaining
parts of the whole electro-mechanical system, the limiter has
no continuous behavior that can be modeled according to
physical equations. For that reason, the limiter was treated as
a state transition for the torque consumed by the mechanics:

TMech =

{
TTh,id + TTh,Loss θ < θMax

kStop · (θMax −
∫
ωGear) + TTh,Loss θ ≥ θMax

(11)

where kStop is the damping constant of a non-movable object
and θMax is the maximum valve opening position.

Combining all equations listed in this section leads to a
set of three difference equations containing three unknown
state variables. Hence, this mathematical system of equations
is solvable in the discrete time domain by the FPGA, whose
block level model of the DC motor is depicted in Figure 4.
All application parameters are connected in variable clusters,
which can be modified in an automated way using the automa-
tion environment described in Section III.

Fig. 4. Model of electronic throttle application in Labview FPGA toolbox

V. MODEL EVALUATION OF THE ELECTRONIC THROTTLE

First measurements were obtained to evaluate the precision
of the electro-mechanical system at different points of the
application space. Therefore, system simulation results of the
whole application were compared to the emulated throttle
connected to the physical motor bridge. In the following, the
model accuracy was evaluated based on different test cases,
described in Table I:

TABLE I
TEST CASES FOR MODEL EVALUATION

VS RMotor DV alve

(1) Nominal 9 V 1.0 ·RMotor,nom 1.0 ·DV alve,nom

(2) Corner 1 16 V 0.8 ·RMotor,nom 0.8 ·DV alve,nom

(3) Corner 2 12 V 1.2 ·RMotor,nom 1.2 ·DV alve,nom

The comparison of real-time emulation and simulation test
bench for three test cases is visualized in Figure 5.

Fig. 5. Comparison of simulation model (blue) and real-time emulated model
(green) of an electronic throttle valve

After triggering the device under test, a high inrush current
occurred, which decay after a short period of time. The inrush
behavior and the maximum value of the current are mainly
dependent on the armature resistance and inductance since the
back-EMF has no effect when the angular velocity is negligible
small. As far as the motor starts rotating, the back-EMF’s
influence increases leading to a lower current.

In general, neither mixed-signal simulation nor real-time
FPGA model contains effects coming from commutation of
the motor. Commutation of the motor is necessary to prevent
the motor from stopping if the magnetic field of the stator
windings goes in the same direction as the magnetic field of the
armature windings. This forced reversion of the motor current
leads to a periodic discontinuous toggling of the current.

During operation, the emulated behavior of the electro-
mechanical system fits with the simulation model with only
small deviations during the decreasing phase of the inrush
current and the time when the throttle valve reaches its limiter.
Remaining errors between simulation and emulation were
related to measurement noise, non-ideal system components



(amplifier offset and resolution limitations), fixed-point arith-
metic and, last but not least, errors coming from different
model implementations. In conclusion, the error between sim-
ulation and emulation did not exceed an interval of ± 5 %.

VI. EXPERIMENTAL RESULTS

For assessing device robustness with respect to the appli-
cation, the first step is to think about reasonable spread of
application parameters. Considering that the model parameters
from the characterized electronic throttle are nominal, the
main parameters should have a Gaussian distribution coming
from manufacturing tolerances, aging effects and parameter
spread. Due to the fact that the system must be operational
within its full temperature and supply voltage range, operating
conditions are uniformly distributed within their maximum
operating range. Within the mechanics of the throttle valve, the
gear’s efficiency ηGear is also uniformly distributed since this
parameter cannot be sufficiently characterized. All parameters
of the electronic throttle are listed in Table II including their
distribution and standard deviation.

TABLE II
APPLICATION-RELEVANT PARAMETERS OF AN ELECTRONIC THROTTLE

Parameter Description Distribution Std. Deviation
(1) DC Motor
RMotor Armature resistance Gaussian 0.05 ·RMot,nom

LMotor Armature inductance Gaussian 0.05 · LMot,nom

kt Torque constant Gaussian 0.05 · kt,nom

DMotor Motor damping constant Gaussian 0.05 ·DMot,nom

JMotor Motor moment of inertia Gaussian 0.05 · JMot,nom

(2) Gear Transmission
gGear Gear transmission ratio Gaussian 0.01 · gGear,nom

ηGear Effectiveness of gear Uniform 0.9...1.0

DGear Gear’s damping constant Gaussian 0.05 ·DGear,nom

JGear Gear moment of inertia Gaussian 0.05 · JGear,nom

(3) Throttle Valve
DV alve Spring constant Gaussian 0.05·DV alve,nom

JV alve Valve moment of inertia Gaussian 0.05 ·JV alve,nom

θMax Position of Limiter Gaussian 0.05 · θMax

θInit Initial valve opening Gaussian 0.05 · θInit

kStop Limiter’s damping Gaussian 0.05 · kStop,nom

(4) Operating Condition
VS Supply Voltage Uniform 6 V...16 V

The main part of application relevant parameters having a
Gaussian distribution are performed with a standard deviation
σ = 5 % from its nominal value. This value can be evaluated
by characterizing several real throttle valves. Beside supply
voltage and the gear’s effectiveness, which are uniformly
distributed, the gear’s transmission ratio has only 1 % standard
deviation representing backlash of the gear wheels.

For further experimental results, a subset of tests were
additionally simulated to provide a statement about the quality
of the robustness metric when calculated out of emulation
data. First of all, 2000 Monte Carlo experiments within the
full application space were carried out. All parameters listed
in Table II were performed within their specified distributions

including performance ranges or standard deviation. A subset
of these experiments is visualized in Figure 6.

Fig. 6. Current waveforms of 150 selected Monte Carlo experiments with
different distributions of throttle parameters and operating conditions

It is obvious that application variances lead to a significant
change in the current consumption of the electronic throttle
and to the duration until the throttle valve reaches its limiter.
The generated torque goes hand in hand with the angular
velocity. Such a behavior must be detected by position sensors
and control functions within the electronic control unit.

From the electrical point of view, the maximum inrush
current IMAX with respect to its specification border is of
interest. Smart bridges have current limitations where the
high-side driver of the device turns off automatically for a
certain period of time to avoid its thermal destruction. This
specification parameter IMAX(L) defines the border for safely
operating conditions and, in combination with the maximum
inrush current, represents a proper scenario for measuring
robustness of the device under test. Providing a better overview
to the influence of parameter spread and variances coming
from the application, Figure 7 shows the matrix plot containing
application parameters, which influence the output of interest.

Fig. 7. Matrix plot for the maximum inrush current of an electronic throttle

Basically, matrix plots show dependencies between input
parameters and the system response (in the red field) as well
as interactions between different input parameters (blue fields).
Due to the fact that these plots can visualize data only in two



dimensions, influences coming from other input parameters
or measurement noise are visualized as clouds. Interactions,
either linear or quadratic, are defined by the trend of the cloud.

The main axis shows the distributions of the throttle param-
eters and the system response. Based on this distribution and
further analyzing steps, different information can be extracted
out of the provided data. We were using the Worst-Case
Distance (WCD) to get a relationship between application
variances and the specification border. The WCD [3], [4]
value is defined as the smallest distance between mean of the
performance parameter (histogram) and closest specification
border multiplied with the standard deviation σ.

Fig. 8. Evaluation of WCD for the electronic throttle application

Figure 8 shows the response distribution in form of a
histogram and its Gaussian fit (red) normalized with the
specification border (blue dotted line). Results, which can be
finally extracted from this metric are, that the system is not
compliant with classical six sigma processes.

VII. CONCLUSION AND OUTLOOK

In this paper we present a concept, which is already pro-
ductively in use, to measure robustness of automotive smart
power devices with respect to application variances during
post-silicon verification. Monte Carlo experiments in combina-
tion with a statistical analysis have been accomplished based
on an electronic throttle valve within automotive vehicles.
Experimental results have shown that it is possible to measure
robustness metrics out of emulated measurement data to a
specification border of a system characteristic. This approach
allows verifying automotive smart power products in a way,
which is not possible when using real application components.

Future investigations to improve this concept can be the
link to a certain mission profile instead of only measuring
the robustness to specification borders. The mission profile
specifies stress of a system characteristic (e.g. temperature
profiles) and generates another border that might be different
from the specification boundary.
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