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 The adoption of Engine-in-the-loop technology shows real behaviour. This study presents 
a test runs simulation platform with real engine data. In addition, a test bench model is a 
demand approach that offers a significant potential to provide an excellent reproducibility 
of test runs. The platform includes the data integration to upgrade tests run and a 
comparison with previous results using the advancing control techniques designed. The 
dynamometer system presents significantly non-linearity. The adaptive control approach, 
integrated into the Model Predictive Control on the vehicle, allows increasing the tests run 
performance. The results show how the real data can improve performance and the 
validation of the system integrating the updated driving cycle and maintaining EiL 
approach. The conclusion showed the significant benefits regarding the control methods 
used.  
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Abbreviation 

AMPC Adaptive Model Predictive Controller 
CO2  Carbon dioxide  
DSM  dynamometer system motor 
DUT  Device Under Test  
EiL Engine-in-the-Loop 
EM Electric Motors 
EUDC Extra-Urban Driving Cycle 
FTP Federal Test Procedure 
ICE Internal Combustion Engines 
IM  Induction Motor  
KF Kalman Filter 
LS Least Square Algorithm 
MHEV Mild Hybrid Electric Vehicles 
MIMO  Multiple Input Multiple Output  
NEDC New European Driving Cycle 
PID Proportional Integral Controller 
UDC Urban Driving Cycles 
XiL X-in-the-Loop 
WLTP  World Light-duty vehicles Test Procedure 

1. Introduction 

Nowadays, in automotive industries, analysis and testing of 
Electric Motors (EMs) and Internal Combustion Engines (ICEs) 
are the key elements. Accuracy and efficiency are further 

improved and allows to evaluate the vehicles’ production. 
However, to achieve these, the test benches are fundamentals. A 
novel data approach for advanced control strategies applied on a 
modelled test benches was introduced in a paper originally 
presented at the 23rd International Conference on System Theory, 
Control and Computing (ICSTCC) in 2019 [1], for which this work 
is an extension.  

The tests are not limited to the EMs or ICEs in that the 
integration and combination of components are relevant. In the 
vehicles, brakes [2-4], energy management [5, 6], power devices 
[7, 8], sensors [9, 10], batteries [11-13], front steering [14, 15], are 
strongly analysed to increase vehicles’ performances. Every 
component needs to be tested determining robustness, reliability, 
fault-tolerant [16-21] and, in case of traditional and Mild Hybrid 
Electric Vehicles (MHEVs), the engine has to respect the limits 
and the restriction regarding fuel consumption and, consequently, 
emissions [22-25]. To reduce costs, the virtualisation and the 
introduction of simulation’s platform are included in the industry 
process [26, 27]. Considering the relevance of real data, in the last 
decade is introduced a new approach that includes the use of real 
components in the virtual tests. These techniques are called X-in-
the-Loop (XiL) and include Engine-in-the-Loop, Hardware-in-the-
Loop, Software-in-the-Loop, Model-in-the-Loop and Human-in-
the-loop [28-32]. The XiL is used in different fields, as marine 
systems [33, 34], power units [36], home automation and robots 
[37], educational science [38]. 
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 Engine-in-the-Loop (EiL) techniques allow testing of the 
electric motors and internal combustion engines. EiL is widely 
used to ensure precision on testbench. This type of simulations 
allows to reduce simulation timing and to simulate testing 
scenarios leading to higher efficiency. Another significant benefit 
is the reduction of costs that this technology enables. The strengths 
of this approach include the adaptability of the system with 
different hardware and the reliability of the measured data deriving 
from the real engine. The EMs and the ICEs tested, most of the 
time, are prototypes [39, 40] and this excludes the possibility to 
have a reliable model of the EM or the ICE to be included in the 
simulation. The Eil technique allows the integration of EMs or 
ICEs, and it is significant in that the modelling of these 
demonstrates a different behaviour from the real. The solution is 
identified in the EiL approach [41, 42]. Based on that, the 
simulation and control of the Induction Motor (IM) on the 
testbench become essential, and to efficiency, the parametric 
model of IM must be identified. The overall model is affected by 
accuracy and nonlinear behaviour [43-45]. The partial 
linearization of the motor helps to define the real-non-linear 
behaviour. A first step of calibration is needed to assure proper 
performance. The introduction of control techniques in these 
systems increase precision and real-behaviour and point to manage 
tests easily. To guarantee reliability and security, final design and 
implementation of the control strategies are required. Generally, 
this phenomenon is described and controlled utilising methods to 
achieve more accurate results. An adaptive control leads to higher 
efficiency and performance compared to conventional control [46-
49].   

With the paper, the authors describe a possible solution to 
design an EiL architecture and an improvement of the control 
quality in a real environment. This paper aims to compare the 
results obtained, adding real-driving conditions and upgrading the 
driving cycles presented. The work is organised as follow: in the 
next paragraph (Background and review) is shown the background 
related to two critical elements that influence the automotive 
industry, the market and the legislation concerning driving cycles 
and the Engine-in-the-loop state of the art; in the third paragraph 
(Nonlinear system) the models of the testbench and others 
components are presented including a section with the calibration 
test; then the adaptive control strategies are introduced and 
integrate to the system to increase the robustness and dynamics 
(Control strategy). The results are presented in the Simulation and 
discussion paragraph that shows an adaptive control used in the 
simulation of the overall system in a real environment applied to 
the new driving cycles. 

2. Background and review 

In this section, the authors present a review about the 
background, including the market reasons that guided the choice 
of development and implemented a specific configuration model. 
In this section is introduced also the driving cycles used in the 
simulation for the validation of the system and includes an Engine-
in-the-loop methods review. 

2.1. Automotive Market 

In the automotive market, electric motors have been 
introduced recently. In the industries, the most critical challenge is 

the reduction of carbon dioxide (CO2). The combination of engine 
and the electric motor in the vehicles guarantees excellent 
performance and the car’s production has adapted to the growing 
market. These represent a radical innovation in the industries and 
allowed an expansion of the market. The key challenges are: 

• Complexity and reduction of costs 
• Different market 
• Virtualisation process 
• Industries landscape 

Based on these four points, it is clear that in the future, the 
changes are fast and in different directions [50, 51].  

Nowadays, vehicles include a lot of components, and the 
complexity is growing. Nevertheless, the market requests the 
reduction of costs and lower price. For this reason, a solution 
developed with the introduction of new technologies and features 
is to enter in the electrification process. Thus, a conventional 
vehicle with ICE become a hybrid vehicle [52]. At the same time, 
are developing new systems and safety, and performances are 
increased. This electrification process is essential to the point of 
becoming an evaluation factor. However, the main challenge 
remains the costs reduction. The governments help to achieve this 
target with new stricter limits and regulations regarding the 
emissions and pollutants, and these restrictions reflect in 
differentiation of the markets [53].  The differentiation of the 
markets has developed the adaptability of the automotive 
industries that need to supply vehicles based on sales. To be 
competitive, the approach uses the virtualisation process [54, 55]. 
This process combines the connectivity with accessibility and 
increases the use of digital resources. The virtualisation is a 
potential technique and represents an opportunity applies to the 
driving experience. Another added value in the car is the 
communication and interaction. Besides, the development of new 
powertrain technologies and innovative solutions for active safety 
and infotainment change and it is based on the industry landscape. 
Europe needs to be reconstructed and adapt the capacity of 
industries; East Asia is a competitive emerging market. Each 
challenge is dependent and interconnected from the others and to 
capture future growth strategic choice, appropriate investments 
and resources are essential [56-58].  

2.2. Driving Cycles development 

The driving cycles are evolved and upgraded based on 
government and legislation of every countries and are founded on 
the market’s choices. The studied methodologies are not limited to 
the choice of driving cycles capable of making consumption real 
but include also to monitor energy consumption. An important 
aspect is the central role of driving cycles in emission measurement 
[59]. The pollutants, carbon dioxide, volatile organic compounds, 
nitrogen oxides and particulate are the results of the combustion of 
fuel and are regulated by countries directives. Emissions depend 
on different parameters and for this reason is classified based on 
vehicles types: cars, vans, buses, trucks and motorcycles. 
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In this paper, the authors illustrate driving cycles which had 
considered explicitly for the presented testbench. The driving 
cycles are described throughout some features shown in Table 1. 

Table 1: Driving Cycles features 

Feature Detail 

Distance Total distance 
Time Total time 

Driving Time 
Acceleration Time 
Braking Time 

Speed Average Driving Speed 
Minimum Speed 
Maximum Speed 

Acceleration Average Driving Acceleration 
Minimum Acceleration 
Maximum Acceleration 

Stops Number of Stops 
Average Stop duration 

 

  The tests most used in the last ten years are: 

• UDC or ECE-15: The Urban Driving Cycles represent a 
typical driving condition in Europe in a busy city with traffic 
and with a maximum speed of 50 km/h; 

• EUDC: The Extra-Urban Driving Cycle is the high-speed road 
in the European cities with a maximum speed of 120 km/h; 

• NEDC: The New European Driving Cycle is a combination of 
the UDC and EUDC, with four repetitions of UDC and once 
of EUDC; 

• FTP-72 is the Federal Test Procedure used in US to simulate 
an urban road with multiple stops; 

• FTP-75: Federal Test Procedure derived from FTP-72 is a city 
driving cycle with are a series of tests defined by the US 
Environmental Protection Agency (EPA),  

• ARTEMIS Urban: is chassis dynamometer system procedure 
used in Europe with driving patterns derived from the analysis 
of a database containing real data and it is considered the 
urban track. 

• ARTEMIS Rural: is chassis dynamometer system procedure 
as ARTEMIS Urban with the different that it is considered the 
rural road; 

• ARTEMIS Motorway: as ARTEMIS Urban is chassis 
dynamometer system procedure and it is considered the 
motorway track. 

These driving cycles are significant for new cars in that allow 
to test and know emission and pollutants. Lastly, as presented in 
the introduction, the validation tests assure that the results reflect 
real-world emission. This driving cycle is integrated into the 
system proposed in the following section to enhance the results on 
[1]. 

 

2.3. The engine in the loop 

Engine-in-the-loop is a recent technique that makes possible to 
run a modelled testbench with an ICE reproducing the same 
conditions as when the engine is mounted in the real vehicle.  Eil 
is a vehicle simulation linked and, in this technique, physical 
hardware called control unit, and an engine are integrated in a 
model of a testbench or a vehicle and driver model.  The virtual 
testbench environment includes: 

• High power 

• Low inertia in the DSM 

These perform a reasonable powertrain control and permit a 
detail emission evaluation. 

The simulation of other components brings many benefits as 
repeatability and flexibility and can brush up the whole system. 
For this reason, the Eil approach results in an ideal choice for 
testbenches in that the accuracy, time-to-run and performance are 
highly improved [60, 61]. At the other hand, the request of this 
technique is the projecting of the entire system and for the high-
speed real-time controller to have an adequate manage of the 
models implemented [62-66].  The fast response of the 
dynamometer loads the connected engine and the virtual vehicle 
follow the specific driving cycle target track as in the real world. 
Another influencer of the acceleration and speed is the vehicle 
pedal effect by the driver. In detail, the system includes an input-
output behaviour deriving from the physical engine system and 
requests reasonable accuracy and response [67, 68]. The dynamics 
of the engine subsystem, along with the main subsystem testbench 
model and variables influence, is analysed to prevent fault.  In 
automotive, the control strategy needs to be integrated into the 
control unit parameterising the whole virtual vehicle modelled and 
driveline configurations. The effects on the engine and 
performance are easily analysed as fuel consumption. In this use 
case, the relevant step is the calibration of the system in the 
virtualisation process and to reach a well-configurated testbench 
[69-71]. In automotive, the Eil is used during the development of 
new engine in that the testing of prototypes reduces the bugs and 
fastly improve the overall number. The development uses 
advanced simulation and modelling tools to realise a system with 
precise modelled functions that work together with physical 
hardware and processes. The virtualisation allows testing and 
validation of parameters and function guarantying highly quality 
[72-74]. However, several factors, as real-time computational 
complexity and calibration efforts, might lead to select faster and 
less-expensive techniques. The various combination and choice of 
vehicle calibration can limit in terms of management and testing 
functionalities, and the calibration steps must fit the engine 
behaviour. For these reasons and due to the architectural 
complexity of the Mild Hybrid Electric Vehicles, designing 
models for specific EM and ICE an adapt the entire system 
including interactions to the model is extremely difficult if even 
possible [75-77]. The major challenge is the satisfaction of the 
requirements during the Eil simulation.  
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3. Nonlinear system  

The testbench detailed schema used in the present paper is 
shown in Figure 1. This collects some components: an inverter, the 
dynamometer motor (DSM) and the Device Under Test (DUT). On 
the EiL approach, the DUT could be an ICE (Internal Combustion 
Engine) or an EM (Electric Motor).  

3.1. The Dynamometer System model 

A general detailed model of the Dynamometer System is often 
too costly due to the induction machine typical non-linearity. 
Moreover, the parametrisation of the IM non-linearity is highly 
demanding for a standard automotive testbench commissioning 
process. Furthermore, the inverter includes a static controller with 
an unknown structure. The DSM is designed as a low-pass filter 
with fast dynamics with a simplified nonlinear mathematical 
model of DUT. The plant considered includes the inertia and the 
two parts of the testbench is treated as two mass oscillators. The 
model can be expressed as: 

 
Figure 1: Dynamometer System 

∆𝜑̇𝜑 = 𝜔𝜔𝐸𝐸𝐸𝐸 –  𝜔𝜔𝐷𝐷  (1) 
 

𝜃𝜃𝐸𝐸𝐸𝐸𝜔̇𝜔𝐸𝐸𝐸𝐸 = 𝑇𝑇𝐸𝐸𝐸𝐸 − 𝑐𝑐∆𝜑𝜑 − 𝑑𝑑(𝜔𝜔𝐸𝐸𝐸𝐸 − 𝜔𝜔𝐷𝐷)  (2) 
 

𝜃𝜃𝐷𝐷𝜔̇𝜔𝐷𝐷 = 𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑑𝑑(𝜔𝜔𝐸𝐸𝐸𝐸 − 𝜔𝜔𝐷𝐷) − 𝑇𝑇𝐷𝐷  (3) 
 

where:  

EM is referred to DUT and can be consider as Engine or E-
Motor,  

D is applied to the dynamometer,  

ωx is the speed,  

θx the inertia,  

∆φ the torsion of the shaft,  

Tx the estimated or measured torque,  

c is the stiff constant  

d is the damping.  

For run the testbench model, the first tread is the calibration of 
the system as explained in the next paragraph. 

3.2. Calibration Process 

The calibration plays a crucial role in a testbench. The 
parameters setting is often a necessary step which influences the 
tests. The calibration process is a signal that allows assessing the 
exact initial configuration. The computation is real-time for the 
DSM. Parameters in the first step are set with an offline estimation. 
Then, the torque signal starts with a fixed amplitude and increasing 
frequency, and it is evaluated the response. The previous 
calibration phase is repeated increasing magnitude and testing the 
new value of amplitude for every frequency. The online 
calculation provides time constant for the system. This dynamic 
calibration has been achieved considering the transfer function 
between reference torque and IM air gap torque and shaft speed. 
In a MIMO (Multiple Input Multiple Output) systems, a controller 
with low overshoot is significant for improving dynamics 
compensation and consider the different steady-state. Considering 
that the reference for the inverter is a torque signal, the test is run 
in the torque mode. This calibration process is essential for 
estimate the parameters, evaluate the results obtained, select the 
model parameters and helps to interpret the well-fit model 
flexibility. To assure a good fit the evaluation of the model is 
essential and there are many concepts to guarantee the single-best 
fit [78]. However, the authors choose to focus this paper on the 
Engine-in the loop approach and on the advanced control strategies 
applied. 

 
Figure 2: P2 Configuration: in order ICE, clutch, EM with Electronics and 

Battery pack, Transmission, Differential and Wheel. 

3.3. P2 configuration 

A testbench can simulate different types of ICE and EM; 
furthermore, the configuration of the vehicles can be changed, and 
this requires a different set of parameters and connected device. 
The structure considered is the parallel hybrid P2 of a Mild Hybrid 
Electric Vehicle. The P2 configuration is shown in figure 2. The 
EM (M) is placed in front of the transmission (T) and provide 
torque to compensate torque for dragging the ICE. The output 
torque derives from both ICE and EM. The vehicle can operate in 
pure electric mode, charge-battery mode, engine mode and parallel 
mode. Based on the way, the behaviours and the performances are 
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different. In the designed testbench it is possible to test every way 
during a driving cycle. The virtual model of the vehicle 
implemented with the integration of the Eil techniques is shown in 
the next section. 

3.4. Vehicle Model 

Based on the virtual vehicle developed presented in [1], lateral 
and vertical dynamics are included. The analysis of the static and 
dynamic behaviour is necessary to have a stable model of the 
vehicle. A multitude of parameters influences the stability and a 
representation of the main components is required to have a 
reliable system. For define the static behaviour, the steady-state 
cornering equations are introduced. The yaw velocity defines the 
steady steady-state 𝛹̇𝛹 and the sideslip angle β that are constant.  

For the steady-state case, the torque balance influenced by the 
front and the rear wheel is: 

𝐹𝐹𝑠𝑠𝑠𝑠 ⋅ 𝐼𝐼 = −𝑚𝑚 ⋅ 𝑎𝑎𝑦𝑦 ⋅ 𝐼𝐼𝑟𝑟     (4) 

𝐹𝐹𝑠𝑠𝑠𝑠 ⋅ 𝐼𝐼 = −𝑚𝑚 ⋅ 𝑎𝑎𝑦𝑦 ⋅ 𝐼𝐼𝑓𝑓    (5) 

with the tyre side forces: 

𝐹𝐹𝑠𝑠𝑠𝑠 = 𝑐𝑐𝑠𝑠𝑠𝑠 ⋅ 𝛼𝛼𝑓𝑓    (6) 

𝐹𝐹𝑠𝑠𝑠𝑠 = 𝑐𝑐𝑠𝑠𝑠𝑠 ⋅ 𝛼𝛼𝑟𝑟    (7) 

where for small slip angles α results: 

𝛼𝛼𝑓𝑓 = 𝛿𝛿 + 𝛽𝛽 − 𝐼𝐼𝑓𝑓⋅𝛹̇𝛹

𝑣𝑣
    (8) 

𝛼𝛼𝑟𝑟 = 𝛿𝛿 + 𝛽𝛽 − 𝐼𝐼𝑟𝑟⋅𝛹̇𝛹
𝑣𝑣

    (9) 

The equations become: 

𝑐𝑐𝑠𝑠𝑠𝑠 ⋅ �𝛿𝛿 + 𝛽𝛽 − 𝐼𝐼𝑓𝑓⋅𝛹̇𝛹

𝑣𝑣
� = 𝐼𝐼𝑟𝑟

𝐼𝐼
⋅ 𝑚𝑚 ⋅ 𝑎𝑎𝑦𝑦   (10) 

 

𝑐𝑐𝑠𝑠𝑠𝑠 ⋅ �𝛽𝛽 + 𝐼𝐼𝑟𝑟⋅𝛹̇𝛹
𝑣𝑣
� = 𝐼𝐼𝑓𝑓

𝐼𝐼
⋅ 𝑚𝑚 ⋅ 𝑎𝑎𝑦𝑦   (11) 

In the case of steady-state cornering, (10) and (11) are equal and 
the sideslip angle β are constant, so  𝛽̇𝛽=0. The prediction of driving 
behaviour results: 

𝛿𝛿 = 𝐼𝐼
𝑟𝑟

+ 𝑚𝑚
𝐼𝐼
⋅ � 𝐼𝐼𝑟𝑟

𝑐𝑐𝑠𝑠𝑠𝑠
− 𝐼𝐼𝑓𝑓

𝑐𝑐𝑠𝑠𝑟𝑟
� ⋅ 𝑎𝑎𝑦𝑦          (12) 

And based on (12), considering that 1
𝑟𝑟

= 𝛹̇𝛹
𝑣𝑣

   and  
𝑎𝑎𝑦𝑦 = 𝑣𝑣 ⋅ 𝛹̇𝛹  , the stationary yaw amplification factor can be written 
as: 

𝛹̇𝛹
𝛿𝛿

= 𝑣𝑣

𝐼𝐼+𝑚𝑚𝐼𝐼 ⋅�
𝐼𝐼𝑟𝑟
𝑐𝑐𝑠𝑠𝑠𝑠

−
𝐼𝐼𝑓𝑓
𝑐𝑐𝑠𝑠𝑠𝑠

�⋅𝑣𝑣2
    (13) 

 
𝛹̇𝛹
𝛿𝛿

= 𝑣𝑣

𝐼𝐼+ 𝑑𝑑𝛿𝛿
𝑑𝑑𝑎𝑎𝑦𝑦

⋅𝑣𝑣2
     (14) 

where: 
𝐹𝐹 is the force 

𝐹𝐹𝑠𝑠𝑠𝑠 is side front 
𝐹𝐹𝑠𝑠𝑠𝑠 is side rear 
𝐼𝐼 is the inertia 
𝑚𝑚 is the mass of the vehicle 
𝑎𝑎𝑦𝑦 is the acceleration 
𝛹̇𝛹 is the yaw velocity 
β is the sideslip angle 
𝑣𝑣 is the driving speed 
𝑐𝑐 is the stiffness of tyre slip 
𝛼𝛼 is the slip angle front or rear  
𝛿𝛿 is the wheel steering angle 
𝑟𝑟 is the instantaneous curve radius. 
 
The static behaviour shows the output variable 𝛹𝛹 ̇ divide for 

input variable δ that represent the stationary yaw amplification 
factor (13) that is related to the driving speed 𝑣𝑣. These equations 
are significant to define the vehicle’s model and its behaviour. An 
essential prediction about the driving behaviour of a car while 
cornering results from these equations. The necessary steering 
angle input while navigating around a corner is composed of two 
parts: one part depends on geometric data, and the second part 
describes the influence of lateral acceleration. Driving at higher 
speeds in addition to low rates necessary input steering angle 
includes the steering angles at higher speeds which can increase or 
reduce the steering angle. This is very important for the 
interactions between the driver inputs and vehicle handling in the 
driver and vehicle control loop. While cornering, the driver must 
input a steering angle, which depends on the curve radius, and the 
present lateral acceleration. The reason that the steering angles 
depend on the lateral acceleration is that at the vehicle wheels 
while experiencing lateral force, a slip angle results, which usually 
differ for the front and rear wheel. 

 
3.5. Electric Motor and Battery 

In a Mild Hybrid Electric Vehicle, the electric motor can work 
as motor or generator based on the situation. The model of an EM 
is composed by an electronics unit setting on torque control mode, 
the EM and a battery pack. However, there are some constraints in 
terms of nominal value and maximum value of speed and torque. 
The operating range of motors in the electric vehicles is directly 
linked to the battery capacity. The battery has an enhanced 
capacity, compared with conventional cars, and this increases the 
operating range and decreases the emissions.    

4. Control strategy 

To face the non-linearities of the system, the feedback is 
supervised by an Adaptive Model Predictive Controller (AMPC). 
Its aim is performing robustness and reliability. The thought 
control pattern permits to improve the performance of the vehicle 
under study and the testbench behaviour concerning dead time 
compensation typical of such complex system. The controller 
presented strategy is necessary to guarantee disturbances rejection 
modified by the nonlinear behaviour of the vehicle. The schema in 
fig. 3 represents the action of the AMPC controller. The torque 
reference is the input of the dynamometer system placed as input 
of the inertia model. The control loop process handles the action 
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of driver and the vehicle reaction. Therefore, the steering 
behaviour in the single-track road is included in the response of the 
control vehicle as to the static behaviour. 

 
Figure 3: Control schema 

The implemented control follows the same strategy explained 
in [1]. The Kalman filter inside is implemented as: 

𝑥𝑥𝑘𝑘+1 = 𝐴𝐴𝑥𝑥𝑘𝑘 + 𝐵𝐵𝑢𝑢𝑘𝑘 + 𝑤𝑤𝑘𝑘   (15) 

where 𝑥𝑥𝑘𝑘+1 and 𝑥𝑥𝑘𝑘  are the discrete-time instant system state 
variables at k+1 and k respectively. 𝑢𝑢𝑘𝑘 is the control vector and 
A,B are the matrices that link the state variables at time k to k+1 
and w is the weight at time k. 

The equations for the online state estimation on 
MATLAB/Simulink are as follow. The state prediction uses the 
matrices that represent an optional extension for the system, 
which are linearised in a non-stationary operating point. 

State prediction: 

𝑋𝑋(. |𝑘𝑘) = 𝛹𝛹 ⋅ 𝑥𝑥(𝑘𝑘) + 𝑌𝑌 ⋅ 𝑢𝑢(𝑘𝑘 − 1) + 𝜃𝜃 ⋅ 𝛿𝛿𝛿𝛿(. |𝑘𝑘) +  𝑋𝑋𝑋𝑋 

Output prediction: 

𝑌𝑌(. |𝑘𝑘) = 𝛾𝛾 ⋅ 𝑋𝑋(. |𝑘𝑘)    (16) 
 
Free response: 

𝑓𝑓(. |𝑘𝑘) = 𝛾𝛾 ⋅ 𝛹𝛹 ⋅ 𝑥𝑥(𝑘𝑘) + 𝑌𝑌 ⋅ 𝑢𝑢(𝑘𝑘 − 1)  (17) 
 
Free control error: 
 

𝑒𝑒(. |𝑘𝑘) = 𝑟𝑟(. |𝑘𝑘) − 𝑓𝑓(. |𝑘𝑘)    (18) 
 
This implemented function generates the matrices used for the 
prediction. The adaptive controller executes in parallel an online 
Kalman Filter (KF) state estimator combined with a Least Square 
Algorithm (LS) for parameters estimation.  

𝑀𝑀𝑀𝑀𝑀𝑀  𝐽𝐽(𝑥𝑥) = �𝑍𝑍 − ℎ(𝑥𝑥)�
𝑇𝑇𝑊𝑊�𝑍𝑍 − ℎ(𝑥𝑥)�  (19) 

 
Based on the nonlinear state estimation model. The objective 
function is the minimisation of the weighted square of error. 

𝐽𝐽(𝑥𝑥) = ∑ �𝑧𝑧𝑖𝑖−ℎ𝑖𝑖(𝑥𝑥)�
2

𝜎𝜎𝑖𝑖
2     (20) 

The process includes: 
• State update 
• Update variance of the state error 
• Gain matrix of the Kalman Filter 

• Update estimation state, the variance disturb on state and 
loop.  

 
In detail, the evaluated estimation of the target is adjusted for 

each time, and the parameters are evaluated until the fulfilled 
qualities are gained. The KF is utilised for the dead-time 
compensation of DSM. In the KF and the A(k) and B(k) lattice are 
updated each progression in the calculation by the LS. The 
controller is additionally adjusted by the online estimation of the 
parameter by the LS. The evaluation of disturbance with the dead-
time compensation is critical to address the distortion and the non-
linearity in the general model. The undesirable deformation and 
significant suppression of oscillations is accomplished utilising 
this methodology.  

5. Simulations and discussions 

To verify the proposed method, the DSM model and the 
controller is developed using the MathWorks Matlab/Simulink 
software.  The preliminary outcomes obtained simulating the 
vehicle on the testbench is shown in [1]. Based on these previous 
results, the simulations are enhanced, adding the updated driving 
cycles presented in section 2.   

Table 2: Use Case table 

Driving Cycle Description 

Time 
(s) 

Distance 
(m) 

Average 
Speed 
(km/h) 

Fuel Consumption 
(gr CO2/km) 

NEDC 1180 11023 33.6 47,49 
WLTP 1477 23262 44.5 50,95 
FTP-72 1369 12070 31.5 52,81 
FTP-75 2474 17770 34.12 49,14 
ARTEMIS  
Urban 

993 4870 17.6 102,45 

ARTEMIS  
Rural 

1082 17272 57.5 32,48 

ARTEMIS  
Motorway 

1068 28735 96.9 16,74 
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Figure 4: NEDC Cycle 

Indeed, the AMPC performances exceed those of the 
conventional PID controller. Including the real-world 
disturbances on the vehicle, the PID controller no guarantees a 
fast, accurate response.  For this reason, the authors test the 
considered driving cycles with AMPC controller by adding noise 
derived from the road. 

 

 

 
Figure 5: WLTP cycle 

The torque request is based on the gas pedal value. The driving 
profiles are employed to examine the EiL test and to characterise 
the control system. Non-quantifiable amounts are assessed by 
filtering or with validated models. The AMPC controller results 
progressively strong, and the error is contained within 1.7 rpm to 
2.8 rpm that is in the requirement of 3 rpm. This requirement 
derives from the possibility to measure not less than 3 rpm that 
results in the sensibility of the inverter. The error range is not 
changed, and this confirms and validates the control strategy. 
Every test procedure provides information about the behaviour of 
the control vehicle. Using Eil approach is important to maintain a 
defined speed minimum quantifiable with the physical process. 
The AMPC controls the reference quickly to the single setpoints 
while fulfilling the limitations. In the MHEVs this configuration 
is strongly used and the AMPC supply the ideal torque requested 
by the motor speed controller with more precision and control the 
values and references. The accuracy demonstrates through using 
AMPC improve the vehicle system and the reliable.  The driving 
cycles are presented as a plot of the vehicle’s speed: NEDC ( Fig. 
4), WLTP (Fig. 5), FTP-72 (Fig. 6), ARTEMIS Urban (Fig.7), 
Rural (Fig.8), Motorway (Fig.9). Furthermore, are shown the 
behaviour of electric motor modelled as motor or generator and 
the response of the engine, including the speed, the torque and the 
power. The description of every driving test cycle is in Table 2. 
The results are not only limited to the validation of the AMPC 
analysing the behaviour and the satisfaction of the requirements 
in that the emission for each test cycle is calculated. Table 2 shows 
the emission value for the driving cycles. The tests were chosen 
to cover a broad working range to investigate performance, and 
the controller results precise and accurate.  
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Figure 6: FTP-72 cycle 

 
Figure 7: ARTEMIS Urban 
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Figure 8: ARTEMIS Rural 

 

 

 
Figure 9: ARTEMIS Motorway 
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6. Conclusions and outlook 

The results confirm the notable performances of the control 
strategy that allow characterising, with real feedback, the vehicles 
feature adding the disturbance to the road, a conventional control 
does not guarantee an accurate and fast response. Nevertheless, the 
AMPC disturbance rejection is strong, and the outcomes on the 
real system show excellent efficiency. This output is enhanced by 
measuring fuel consumption, and the results strongly validate the 
potential of this control strategy. Furthermore, the extension of 
driving cycles of the different country shows the R&R of the 
system. Overall, the research findings show that the nonlinear 
control strategies demonstrate outstanding disturbance rejection 
qualities. The flexibility of the testbench model can be investigated 
to find the single-best fit as the methods for assessing it.  Moreover, 
these results can be extended to different vehicle’s configuration 
as P3 and P4 and full electric vehicles in order to improve systems 
efficiency.  
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