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Abstract: The targeted purpose here is the control of a nonlinear and non-square system with three inputs and two outputs in 

order to reduce soot and greenhouse gas pollutants. In this paper, a non-square multivariable controller for the air-path system 

of a turbocharged Diesel engine is proposed. The controller is designed using the CRONE (Commande Robuste d'Ordre Non 

Entier) Control-System-Design approach to maintain performance and robust stability for a wide set of operating points. In this 

research, we focused on the multi-input multi-output system identification problem, and test-bench data were processed to find 

a nominal linear model. The controller was then designed via an open-loop transfer function optimization. Finally, simulation 

results from a simulation model show the performance of the proposed control-system.  

Keywords: Diesel engine air path, Robust control, CRONE, Multivariable control, Non-square system. 

 

I - INTRODUCTION 

 

With increasing environmental concerns and ever stricter 

emission standards [Michael, M. and Walsh, P., 2000], 

current Diesel engine control research focuses on 

simultaneous Soot and Nitrogen Oxides (NOx) reduction, 

while maintaining reasonable fuel economy and drivability.  

 

Improvements in the air system control can succeed in 

meeting stricter emission regulations and customer 

demands. The hardware component of Exhaust Gas 

Recirculation (EGR), integrated in the air path system, 

complicates the engine configuration. This advanced 

hardware component may result in significant nonlinearities 

and interactions [Wang, Y. et al, 2011] [Larsen, M. et al, 

2003], so that advanced control methods are required. 

Usually EGR, throttle (Th)  and turbocharger valves 

(Wastegate, WG) are used as actuators (inputs) to ensure 

boost or manifold pressure and air flow (output) as shown 

on figure 1. 

 

 
 

Fig. 1.1: Air path system representation. 
 

In the literature, different approaches have been proposed 

for this Diesel engine control problem. In [Alberer, D. et al, 

2010] a virtual reference design approach was used to 

evaluate the choice of actuators, before applying the 

method to the fuel path and air path subsystems. The virtual 

variables can be seen as local mappings of the target 

variables onto an input space, and provide a valuable 

insight into the contribution of the different input quantities 

[Alberer, D. et al, 2010]. 

 

Most recent Diesel engine control research uses a physical 

model [Leroy, T. et al, 2010] [Chauvin J. et al, 2008] 

[Stefanopoulou, A.G. et al] to simulate controller 

efficiency, before testing the controller performance and 

robustness on a test bench. In [Kocher, L. et al, 2011], a 

reduced order model of the air handling system of a modern 

diesel engine was developed based on physical equations. 

This model-based control is intended for the development 

of the closed-loop control and estimation strategy. 

 

The tuning, however, is often based on ad-hoc trial and 

error methods.  In [Chauvin, J. et al, 2006] [Larsen, M. et 

al, 2003] an open-loop control law was applied as a feed-

forward, to control both intake manifold pressure and 

exhaust pressure. An estimator was also proposed to 

estimate the measurements which are not available, in order 

to ensure the closed-loop control. A coordinated passivation 

design in [Kocher, L. et al, 2003] was applied to control a 

simplified third-order engine model. [Murilo, A. et al, 

2011] proposed a multivariable control strategy based on a 

parameterized nonlinear model predictive control approach. 

Nonlinear continuous-time generalized predictive control 

was presented in [Dabo, M. et al, 2008] [Garcia-Nieto, S et 
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al, 2008] and a model-based Quantitative Feedback Theory 

control in [Wang, Y. et al. 2008].  

Most works presented above use not the throttle as a third 

actuator. As in [Colin, G. et al, 2011] a Multi-SISO robust 

CRONE design was proposed to control both EGR and 

wastegate (WG) valves. Here we extend [Colin, G. et al, 

2011] and the throttle valve (Th) will be taken into account. 

 

The paper is organized as follows. In section II, system 

description, identification and the physical model are 

presented. Section III gives, an introduction to the CRONE 

MIMO approach is proposed. Section IV addresses the 

open-loop optimization and the design of a decentralized 

controller. In the last section, results are shown and 

discussed. 

 

II – SYSTEM DESCRIPTION 

 

The system is a 4 cylinders with 2.0L turbocharger Diesel 

Engine, and 80.9 KW. The three air path actuators, that is 

wastegate (WG), EGR valve (EGR) and intake throttle (Th) 

are pneumatic (use compressed air). The air path system of 

the turbocharged Diesel engine is described by Fig. 2.1.  
 

 
Fig. 2.1: Air path scheme of a turbocharged Diesel engine 

with Exhaust Gas Recirculation (EGR). 
 

The fresh air coming from the atmosphere is compressed 

and warmed up by compressor. The exchanger cools it 

down which increase the density of flow (    ) and 

decreasing the boost pressure (pboost). The throttle valve 

(Th) controls the flow before the intake and EGR system. 

The mixture of intake flow and exhaust flow decreases the 

mean combustion temperature and reduces NOx production, 

but at the same time it decreases engine efficiency. In the 

end of combustion, a part of the burned gases can be 

recirculated through the EGR valve and cooled down by the 

EGR cooler. The exhaust flow can also flow through the 

turbine, and speed it up. This energy is transmitted by a 

shaft to the compressor which adjusts the boost pressure. 

The turbine speed can be tuned by adjusting the wastegate 

(WG) position. Finally the exhaust gas returns to the 

atmosphere. 

 

II.1 System-Identification 

 

Complex plant structures often require complex 

technologies to meet performance requirements. Robust 

control can be used to achieve high levels of disturbance 

rejection. The CRONE approach requires to models the 

frequency response of the system around its different 

possible operating points. The frequency-domain 

identification of the linear dynamic model of the air path 

(which is a non-minimum phase and MIMO system) could 

be achieved using various excitation signals including 

random noise, burst random noise, pulse-impact, multisine 

[Jesse, B. et al, 2006] [Thomas, J. et al, 2008] [Colin, G. et 

al 2011], and chirp and pseudo-random binary (PRBS) 

[Wang, Y. et al, 2011] signals. 

 

The goal of frequency domain system identification is to 

obtain a linear time-invariant model that approximates the 

dynamics of an unknown plant. Generally, the plant may 

have nonlinear time-varying dynamics. Plant nonlinearities 

often induce harmonic responses to sinusoidal input signals 

[Jesse, B., et al, 2006]. 

 

A multisine excitation signal is used here to identify the air 

path system. The use of this broadband signal allows faster 

frequency domain identification. The choice of operating 

points for air path system identification (green cross in Fig. 

2.2) is based on the high pollutant area (pink area in Fig. 

2.2), where The EGR flow can reduce NOx production. 

 
Fig. 2.2: All the operating points used for system 

identification and model building. 

 

II.2 Identification process 

 

The identification step requires multisine signal 

specifications. This signal is a linear combination of 

sinusoids which is often given by: 

                      

 

   

           

where N is the number of harmonics in the signal,    is a 

harmonic frequency,    is a harmonic amplitude, and       

the initial phase of each harmonic. 

   

The amplitude    is chosen in such way that system 

remains at the same operating point during identification, 

and also gives a linear response. Frequencies are selected to 

provide enough information about system dynamics within 

a given frequency range. 

 
Fig. 2.3: Time and frequency responses comparison for 

different excitation signals. 
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Fig. 2.3 compares the frequency responses of chirp, 

multisine and PRBS signals. It can be seen that all the 

frequency response of the multisine signal is inside the 

window defined by the signal frequencies specifications. 

With chirp and PRBS, part of the frequency response is 

outside the window defined by the signal frequencies 

specifications. 

 

Those frequencies    are chosen such that the time-

invariant nominal model approximates the most important 

linear dynamics of the real system. The max frequency 

   must be greater than the desired cut-off frequency of the 

system. To design a controller    must be at least ten times 

larger than the required frequency bandwidth given by the 

disturbance rejection specifications. 

 

The identification of each element of the transfer matrix 

consists in exciting only one input, and each element of the 

matrix is calculated using the Fourier transform (FFT) of 

the ratio of the cross-correlation between output and input 

    divided by the autocorrelation of the input    : 
 

  
                      

                     
              

 

Each input-output transfer is then described: 

 

G11: from EGR (%) valve to airflow sensor (g/s) 

G12: from Th valve (%) to airflow sensor (g/s) 

G13: from WG (%) valve to airflow sensor (g/s) 

G21: from EGR (%) valve to boost pressure sensor (bar) 

G22: from Th valve (%) to boost pressure sensor (bar) 

G23: from WG valve (%) to boost pressure sensor (bar) 

 

The signal excitation was chosen with a sampling 

frequency at 1 kHz, a frequency range from 0.1 to 20 Hz 

and contains 200 frequencies.  Fig. 2.4 presents the Bode 

diagram computed from (2). A triangular window was used 

to reduce the noise effect. Despite the use of windowing the 

noise effect is still important. The noise problem will be 

discussed in section III. 

 

As multisine frequency domain identification provides a 

non-parametric model, second order with delay transfer 

functions are used to obtain a nominal parametric model of 

the plant: 

 

    
 

            
               

 

As shown on Fig. 2.4, the nominal plant (black curve) is 

defined from the average gains and phases. The nominal 

transfer function matrix expression is given by: 

 

 
 
 
  

       

            
         

       

            
        

     

           
       

       

              
         

       

                
       

      

           
       

 
 
 
 

 

 
Fig. 2.4: Bode diagram of nominal plant frequency 

response (solid black curve) and all operating point 

frequency responses (green curves). 

 

III - MIMO CRONE DESIGN METHODOLOGY 

 

The CRONE control-system design methodology is a 

frequency-domain approach that has been used since the 

eighties [Oustaloup, A. et al., 1983, 1991, 1995; Lanusse, 

P. et al, 1994, 2005; Åström, K.J. 1999]. 

 

The objective of the CRONE control system design is to 

robustify the closed loop dynamic performance through 

either a robust damping factor, or a robust resonant peak 

control based on the unity-feedback configuration (Fig. 

3.1). 

 
 

Fig. 3.1: Unity-feedback configuration for CRONE 

approach. 

 

The aim of the CRONE MIMO design is to find a diagonal 

open-loop transfer matrix. Each element is defined by a 

fractional order transfer function. Fractional differentiation 

is used to define the nominal and optimal open-loop: 
 

                        
 

For non-square systems [Nelson Gruel, D. et al, 2008, 

2009], the optimization of    makes it possible to calculate 

the controller which is given by the expression. 
 

       
                  

 

where   
 
(s) is the Moore-Penrose pseudo-inverse of 

nominal plant G0(s). Moore and Penrose show that a 

solution can exist for the equation      where       
and      and        . Using Graybill’s theorem 

[Graybill, F.A., 1969] the matrix   
 
 of rank r can be 

calculated as: 
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where                and            

                       and          
 

where    is the Hermitian transpose of  . 

 

  Let         
             

   
             

       

 

               
             

 

-       : is a strictly proper time-delay free transfer 

function, 

-         . 

  Then 

  
           

       
            

    

   
       

            
    

  

       
 

where      is the non-zero polynomial of s with time-

delay, and        . 
 

Each element of the diagonal open-loop matrix is based on 

the third generation CRONE single-input single-output 

(SISO) methodology, the principle of this methodology is 

to optimize the parameters of a nominal open-loop transfer 

function       that includes a band-limited complex 

fractional order integration over a frequency range       . 
The complex fractional order, n = a+ib enables a straight 

line of any direction to be created in the Nichols chart 

which is called the generalized template (Fig. 3.3). 
 

 

The SISO nominal open loop transfer function is defined 

by: 

                          
 

- where       is a set of band-limited generalized 

templates: 

- where 
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- where       is an integer order    proportional 

integrator 

         
    

 
   

  
 

 

- where       is the low-pass filter of integer    
 

         
 

   
      

The gains       and    are such that    is the closed-loop 

resonant frequency. Order    has to be set to manage the 

accuracy provided by the control-system. Order    has to 

be set to obtain a proper or bi-proper control-system. When 

useful,    and    are different from 0 to increase the 

number of tuning parameters used for the open-loop 

shaping. 

 

For time-delay, non-minimum phase or unstable SISO 

systems, the open-loop transfer function must include the 

nominal time-delay and right half plane zeros and poles of 

G0 to make the controller achievable and the closed loop 

fully stable [Lanusse, P. et al, 1994, 2005]. 
 

 
Fig. 3.3: (a) any generalized template, (b) optimal template 

as Mr max2 (maximum resonant peak) is closer to Mr0 than Mr 

max1 is. 

 

The optimal approach allowed by the generalized template 

ensures an optimal positioning of the frequency uncertainty 

domains (Fig. 3.3) which reduce the resonant peak 

   variations (strongly correlated to overshoot variations) 

of the complementary sensitivity function     . The 

robustness cost function is given by: 
 

               
               

     (10) 
 

where     is the nominal value of the resonant peak. Its 

minimization is accomplished while respecting closed loop 

constraints for all plants   and for     . 
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The frequency uncertainty domains are defined from the 

multiplicative uncertainty of the open-loop frequency 

response in the Nichols chart. This multiplicative 

uncertainty is invariant and equal to the plant uncertainty: 
 

                                  (13) 
 

where    and    are the nominal plant and open-loop 

transfer function, and where    is the multiplicative 

uncertainty model.  

 

For MIMO systems, the resonant peaks taken into account 

in the cost function to be minimized are those of the 

diagonal elements of the perturbed values (not only the 
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nominal one) of the complementary sensitivity transfer 

function matrix and the controller elements are obtained 

from relations (5) and (7): 
 

                
                     

 

As βjj(s) are fractional order transfer functions, the rational 

transfer functions KRij(s) are obtained by identifying the 

ideal frequency responses Kij(j) by low-order transfer 

functions: 

 
 
 sA

sB
sK

ij
R

    (15) 

 

where B(s) and A(s) are polynomials of specified integer 

degrees nB and nA. All the frequency-domain system-

identification techniques can be used [Oustaloup, A. et al, 

2000, 2002]. Whatever the complexity of the control 

problem, it is easy to find satisfactory values of nB and nA 

generally about 6 without a reduction in performance. 

 

IV – DESIGN OF A DECENTRALIZED CRONE 

CONTROLLER 

 

 
 

Fig. 4.1: Decentralized control of a 3x2 MIMO plant. 

 

For non-square systems, the Block Relative Gain (BRG) 

array method [Kariwala, V. et al., 2003; Jesse B, et al, 

2006] is used to evaluate different block interactions. A 

system is weakly interacting if BRG is close to the identity 

matrix. If the singular values of the BRG are very different 

from unity, the closed-loop system has large interactions. 

Thus the BRG method is used to allocate inputs to outputs. 

Then to simplify the use of the proposed MIMO 

methodology, all the blocks with a weak BRG are assumed 

equal to zero and a new nominal plant   
  is defined:  

 

  
   

       
     

           

 

From (5) the controller will be a decentralized controller. 

However the elements of the nominal (and diagonal) open 

loop transfer function matrix are optimized by taking into 

account the full MIMO transfer function frequency 

response defined by G (Fig. 2.4). As shown by Fig. 2.4, the 

computed phase of     is very uncertain and would prevent 

a good optimization of the nominal open loop transfer 

function. Here an example of identification of a known 

transfer function      
 

      
 using a triangular window 

is performed. As shown by Fig. 4.2, the phase (blue curve) 

differs from the true phase from 16 rad/s. 

 
Fig. 4.2: Identification of a known transfer function (green) 

using a triangular window. 

 

This phenomenon can be explained by the existence of 

numerical noise. Thus, the corrupted phase of G23 was 

approximated with a shifted phase which has the same 

appearence as the nominal plant phase (Fig. 4.3). 

 
Fig. 4.3: Bode diagram of the new template of the 

frequency response. 

 

Taking into account this corrected phase, the equivalent 

open loop frequency responses (computed from the 

perturbed frequency response of the diagonal elements of 

the complementary sensitivity transfer function) are not 

uncertain in the extreme and optimization of the parameters 

of nominal 10(s) and 20(s) is achievable.  
 

 
Fig. 4.4: Optimization of open-loop        for air flow 

control - left) and        for boost pressure control - right). 

Fig. 4.4 presents the nominal optimized open loop 

frequency responses (red). The multiplicative uncertainty 

(green) resulting from all the perturbed equivalent open-

loop frequency responses has been placed outside the low 

stability area of the Nichols chart. 

 

In this work, the set of specifications was not fully defined, 

so the optimal specifications are required in order to find 

the best general template position. Fig. 4.5 and Fig. 4.6 

present the closed loop sensitivity functions T(s) and KS(s). 
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The greatest values of the diagonal element of T are 1.99 

for T11 and 2.1 for T22. 

 
Fig. 4.5: Complementary sensitivity function T(s). 

 
Fig. 4.5: Sensitivity function KS(s). 

 

From the complementary sensitivity function T21, we can 

note that each 1 mbar could generate a noise of 0.1 g/s at 

the airflow output. Also from T12, each 1 g/s could generate 

a noise of 0.3 mbar at the boost pressure output. So        
could be more affected by        pressure, than        
could be affected by      . 

As explained in section III, low order rational transfer 

functions were used to approximate the desired frequency 

response of each element of the decentralized controller: 

 

 
  
 

  
        

                          

                                 
                   

       
                          

                                
              

       
                       

                       
       

  

 

V – SIMULATION RESULTS 

 

In this section, only simulation results are presented. 

Indeed, the controller was tested before on the linear 

nominal plant controller performance hence, using the 

simulation physical (nonlinear) model, the controller is 

assessed in several operating points in order to check 

controller performance and robustness. 

 

V-1 Anti wind up problem 

 

In order to include an anti-windup strategy in the controller, 

each element of (17) is written: 

 

         
        

   

 
            

 

Using a model of the system saturation and a gain, Fig. 5.1 

shows how the integrator part is fed back to manage the 

actuators saturation problem. 

 
 

Fig. 5.1: Anti-windup controller with feedback gain. 

 

V.2 Simulation 

 

The simulation model is based on physical equations and on 

look-up tables. It was calibrated with engine test bench 

results. The controller was tested with this nonlinear model 

which is able to simulate the motor behavior on 96 

operating points (blue points on Fig. 2.2). As the AMEsim 

model can be integrated in a real-time target, it allows us to 

run a real time simulation. The other advantage of AMEsim 

is the co-simulation with Simulink, which means that the 

AMEsim simulation results can be analyzed using the 

Matlab workspace. 

As explained by section II.3 the model has been calibrated 

with our engine test bench results. In such way it gives the 

same mean values and a close dynamical behavior of the 

real engine. A particular attention has been payed for 

actuator dynamics. The simulation model allows us to 

assess the controller performance in several operating 

points (different values of torque and engine speed). Fig. 

5.2 and Fig. 5.3 show, respectively, the system response 

and valves positions. In this test a speed at 3000rpm has 

been chosen, with torque variation from 50Nm to 100Nm, 

and from 100Nm to 150Nm. 

 
Fig. 5.2: Airflow and boost pressure response in simulation. 

 
Fig. 5.3: Valve positions in simulation. 
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Fig. 5.2 presents both Qair and pboost responses (closed loop 

response). The setpoints (red curves) have been filtered by 

a low-pass filter with a time constant of 0.5s. Despite of 

filtering one can note an overshoot of airflow at 23s due to 

pboost influence (see T sensitivity). Fig. 5.3 shows engine’s 

valves positions, the wastegate variation appears more 

important comparing with the others valves, which can 

explains the influence of the pboost on the Qair outputs. The 

used filter can cause a setpoint tracking problem during 

driving [Dabo,K et al. 2009]. On Fig. 5.4, co-simulation 

results on a short part of the European driving cycle are 

shown in order to check controller tracking performances. 

 
Fig. 5.4: Driving cycle engine torque, engine speed set 

points and input effort on co-simulation. 

 
Fig. 5.5: Airflow and boost pressure responses on co-

simulation. 

 

Fig. 5.4 shows engine torque and engine speed operating 

points. Based on this two coordinates, the airflow and boost 

pressure set-points are generated automatically from a look-

up table to set the engine operating point.  

 

Two responses are drawn (Fig. 5.5) in order to compare the 

CRONE controller performance with and without 

feedforward, it (Fig. 5.5) presents the airflow and boost 

pressure reference tracking. In co-simulation, a filter with 

time constant of 0.2s is used here to filter the sharp 

variation of the set point. 

 

Respectively the curves in green and blue, where one note 

in the rising phase, the controller performs better with 

feedforward. Contrary in the falling phase, the controller 

without feedforward performs better. As shown on airflow 

response, at time 64s, the green curve undershoot is less 

than the blue one. From Fig. 5.4 both EGR and Throttle 

valves need more effort to be controlled, which can reduce 

valves life and consume much energy. From the Fig. 5.3 

and Fig. 5.4 (crone) at 60s and 70s, one note that the 

controller, with and without feed-forward, gives different 

mean values of the throttle position, which agree with our 

case, number of inputs greater than outputs. 

 

The decentralized non square CRONE approach allows us 

to control the airpath of a Diesel engine with three 

pneumatic actuators and two sensors only. Despite the 

change of the operating point (Fig. 5.4, engine speed and 

engine torque) the controller tracks the airflow and boost 

pressure setpoint (Fig. 5.5), which confirms the controller 

robustness. 

 

VI – CONCLUSIONAND FUTURE WORKS 

 

In this paper, we propose a systematic method to design a 

non square and robust control, which is applied here to the 

air path of a turbocharged Diesel engine. The 

computationally inexpensive control is thus obtained faster 

than the usual look-up table based control. Indeed, after 

frequency-domain system identification, a decentralized 

(3x2) CRONE control-system is designed by optimizing 

open-loop behaviors, while ensuring a good frequency-

domain closed-loop specifications. Control performance of 

the proposed method has been demonstrated on a nonlinear 

model in co-simulation. Future works extend this paper to 

more complex technologies and apply it on our engine test 

bench. The global objectives to obtain the best compromise 

NOx/PM already stay our goal in future works, NOx 

emission will be checked by smoke-meter on the entire 

driving cycle, in order to evaluate the controller 

performances. 
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