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Abstract— In order to minimize pollutant emissions and more 

specifically nitrogen oxides, a decentralized multivariable 

robust control has been designed for the airpath of a Diesel 

engine with a turbocharger, an intake throttle and Exhaust Gas 

Recirculation. The control system is designed with a fractional-

order approach called CRONE (Commande Robust d’Ordre 
Non Entier) control, via a MIMO open-loop transfer function 

optimization, which maintains performance and robust 

stability for a wide set of operating points. The experimental 

results from a test-bench show the relevance of the proposed 

approach. 

I. INTRODUCTION 

 

urbocharged diesel engines are widely used in 

transportation, especially in passenger cars due to their 

enhanced fuel economy. The challenge in the next European 

standards is to reduce nitrogen oxide (NOx) and particulate 

emissions. One of the classical solutions is the use of a 

diesel Particulate Filter and Exhaust Gas Recirculation 

system (EGR). In the design presented here, a throttle is 

added to control the air-flow entering the cylinder, which 

requires a more complicated control approach. The airpath 

control problem is treated here for a nonlinear and non-

square system. The studied system is described in Fig. 1.1. 

To avoid the generation of smoke and particulates, the air-

to-fuel ratio needs to be higher than the smoke limit. The 

tradeoff between fuel and air can be adjusted by controlling 

both the in-cylinder air and fuel, so relevant multivariable 

approaches are needed. In this work, only the airpath control 

is presented. 

 In the literature, some recent Diesel engine control studies 

have focused on the airpath control for NOx and smoke 

reduction [19]. 

In order to control the airflow coming through the exhaust 

gas recirculation, a gain-scheduled model-based feedback 

control of the air/ fuel ratio is presented in [3]. The authors 
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propose two approaches involving an IMC design and a H∞ 

design. A nonlinear model was first developed and then the 

linearized model was used to design EGR controllers. 

In [1] a ninth-order model was developed using a mean-

value engine model approach. Singular value decomposition 

was then used to identify the effective range of the plant. 

Finally a gain-scheduled multivariable controller with two 

integrators was designed by applying the LQG control 

design methodology. 

A nonlinear predictive control based on local networks for 

air management in diesel engines was discussed in [4]. In [6] 

the authors demonstrate the relevance of motion planning in 

the control of the airpath with EGR. 

Most of the research presented above uses a mean-value 

engine model to design a controller, which requires long test 

periods. In [2] a fuzzy controller was proposed, without 

using a physical model. 

In this study, a frequency-domain system-identification 

method is used to define the nominal plant. The frequency 

data are used for system-control design. 

Our work is based on [5], where the CRONE approach was 

used to design a MIMO controller to control a square 

system, with two inputs and two outputs (2x2). The main 

contribution of the present paper is to extend the CRONE 

approach to a non-square system, with three inputs and two 

outputs (3x2). Here the system is not split in two areas. Only 

one controller is used to control the airpath around all 

operating points, by acting simultaneously on the three 

actuators. 

The paper is organized as follows. After a description of 

the system in section II, section III presents the multisine 

system identification. In section IV the CRONE approach is 

explained
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Fig. 1.1. Airpath scheme of turbocharged Diesel engine with 

throttle and exhaust gas recirculation (EGR).  
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. The decentralized controller is assessed in section V. 

Test bench results are presented and discussed in the last 

section. 

II. SYSTEM DESCRIPTION 
 

The system to be controlled is the airpath of a 

turbocharged Diesel engine with 4 cylinders, 2.0L and a 

power of 81kW. The fresh air (mass flow Qair) coming from 

the atmosphere is compressed and warmed up by the 

compressor. The exchanger cools it down, thus increasing 

the density and decreasing the boost pressure (pboost). The 

throttle valve (Th) controls the Qair which enters the intake 

manifold. After combustion, burned gases (so Qair) can be 

recirculated into the intake manifold through the EGR valve 

and cooled down by the EGR intercooler. EGR decreases the 

mean combustion temperature and reduces NOx production, 

but decreases engine efficiency (max torque). The exhaust 

flow also enters the turbine and speeds it up. This turbine 

energy is transmitted to the compressor through a shaft. The 

turbine speed (pboost) is adjusted by the wastegate (WG) 

position.  

Two sensors will be used to control the airpath: boost 

pressure pboost and air-flow Qair coming through the throttle. 

III. SYSTEM IDENTIFICATION 

A multisine excitation signal is used here to identify the 

airpath system. The use of this broadband signal allows 

faster frequency domain identification. The system 

identification of the airpath system is made around all (73) 

operating points (blue points in Fig. 2.1) 

 
The identification step requires multisine signal 

specifications. This signal is a linear combination of cosines 

which is given by: 

  N

k

kkk tfAAutu
1

00 )2cos()(         (1) 

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

harmonic frequency, 
kA is the harmonic amplitude, and 

k  

is the initial phase of each harmonic. 

The amplitude A0 is chosen in such a way that the system 

remains at the same operating point during identification, 

and also gives a linear response. Frequencies 
kf are chosen 

such that the time-invariant nominal model approximates the 

most important linear dynamics of the real system. The max 

frequency 
Nf  should be greater than the desired cut-off 

frequency of the system. 

The identification of each element of the transfer matrix 

consists in exciting only one input, each mean value of the 

three inputs ensuring the chosen operating point. Then each 

element of the matrix is calculated using the fast Fourier 

transform (FFT) of the ratio of the cross-correlation between 

output and input 
yx  divided by the autocorrelation of the 

input
xx : 

))((
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Each input-output transfer function is then described: 
 

G11: from EGR  (%) to Qair (g/s) 

G12: from Th  (%) to Qair  (g/s) 

G13: from WG  (%) to Qair  (g/s) 

G21: from EGR  (%) to boostP  (bar) 

G22: from Th  (%) to boostP  (bar) 

G23: from WG  (%) to boostP  (bar) 
 

The signal excitation is chosen with a sampling frequency 

at 1 kHz, a frequency range from 0.1 to 1 Hz and contains 10 

frequencies. Fig. 2.2 presents the Bode diagram computed 

from (2). For the FFT calculus, a triangular window is used 

to reduce the noise effect. 

 
Fig. 2.2. Bode diagram of nominal plant frequency response (solid blue 

curves) and all operating point frequency responses (green dashed curves). 

 

As shown on Fig. 2.2, an arbitrary nominal plant without a 

delay element is defined with max gain min phase criteria. 

Its function transfer matrix expression is given by: 
 

   
                                                                                                                                                                    

 
 

IV. MIMO CRONE DESIGN METHODOLOGY 
 

The CRONE control-system design methodology is a 

frequency-domain approach that has been used since the 

eighties [7] [9] [10] [11]. The system-control is based on a 

unity-feedback configuration (Fig. 4.1). 

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. 

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

diagonal closed-loop transfer matrix between setpoints and 
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Fig. 2.1. Points used for system -identification. 
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outputs. The nominal open-loop transfer matrix being 

defined by 

 
)()(00 sKsG     (4) 

for non-square systems [12] [13], the optimization of 0  

makes it possible to calculate the controller using: 

)()()( 0

†
0 ssGsK      (5) 

where )(†0 sG  is the Moore-Penrose pseudo-inverse of 

nominal plant G0(s).  

Using Graybill’s theorem [14] the matrix
†
0A  of rank r can 

be calculated as: 

nxm

HH IAAAAAAnm   †1†  with ).(  

nxm

HH IAAAAAAmn   †1†  with .)(  

where HA is the Hermitian transpose of A. 
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- )(shij : is a strictly proper time-delay free 

transfer function, 

-  *

ijL . 
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where )(sP  is the non-zero polynomial of s with time-

delay, and
 *

ijy . 

 
Fig. 4.2: Generalized template in the Nichols chart. 

 

Each element of the nominal 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 )(0 s  that includes a band-

limited complex fractional order integration over a 

frequency range ],[ BA  . The complex fractional order, n = 

a+ib makes loop-shaping easier by enabling a straight line 

of any direction to be created in the Nichols chart which is 

called the generalized template (Fig. 4.2). 

 

The SISO nominal open-loop transfer function is defined 

by: 

)()()(0 sss hml       (8) 

 

- where )(sm  
is a set of band-limited 

generalized templates: 
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where )(sl  is an integer order ln proportional integrator 
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Gains kC , lC and hC are such that r is the closed-loop 

resonant frequency. Order ln has to be set to manage the 

accuracy provided by the control-system. Order hn has to be 

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

useful, 
N and 

N are different from 0 to increase the 

number of tuning parameters used for open-loop shaping. 

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

systems, the SISO 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 [10] [11]. 
 

 
Fig. 4.3: (a) any generalized template and (b) optimal template  
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Fig. 4.1. Unity-feedback configuration for CRONE approach. 
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Fig. 4.3 shows that the optimal approach allowed by the 

generalized template ensures an optimal positioning of the 

frequency uncertainty domains which reduce the resonant 

peak Mr variations (strongly correlated to overshoot 

variations) of the complementary sensitivity function T(s): 

Mr max2 is closer to Mr0 than Mr max1 is. 
 

The robustness cost function which is minimized is given 

by:    22

00
supinf rrrr MMMMJ      (10) 

where 
0r

M is a chosen nominal value of the resonant peak. 

Its minimization is accomplished while respecting closed-

loop constraints for all plants G 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: 
 

mm ssKsGsKsGs  )()()()()()( 00     (13) 

where 0G and 0 are the nominal plant and open-loop 

transfer function, and where m  is a multiplicative 

uncertainty model.  

For MIMO systems, the resonant peaks taken into account 

by the cost function to be minimized are those of the 

diagonal elements of the perturbed values (as for SISO 

systems, not only the nominal one) of the complementary 

sensitivity transfer function matrix and the controller 

elements are obtained from relations (5) and (7): 
 

)()()(
)(  

jejPjK jj
jy

ijij
ij      (14) 

To ensure the system stability, the nominal open-loop 

transfer function should include some time-delays and poles 

and zeros in the right half-plane and lightly damped modes 

which appear in )(sP  [8][13] . 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 [15] [16]. 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. 

V. DESIGN OF A DECENTRALIZED CRONE 

CONTROLLER 
 

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

array method [17] [18] is used to evaluate different block 

interactions. A system is weakly interacting if the BRG array 

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 can be used to 

allocate inputs to outputs. Then to simplify the use of the 

proposed MIMO methodology and to obtain a block 

decentralized controller, all the blocks with a weak BRG 

index are assumed equal to zero. In our study we assume an 

arbitrary simplified new nominal plant '
0G  defined by: 

 


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
23

1211'

      0      0 
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0 G

GG
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Using (5) and this new nominal plant lead to one 

decentralized controller per block. Although it is designed 

using a MIMO approach, such a controller makes it possible 

to control one of the outputs even if the other one cannot be 

measured (sensor loss). Fig. 5.1 shows the decentralized 

control-system proposed for the MIMO airpath system. 

 

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. 2.2). Referring to previous experiments, 

the identification frequency range is limited to 1Hz because 

of the noise effect. This limitation could prevent good 

optimization of the open-loop frequency response and makes 

it mandatory to ensure a sufficient controller roll-off. For 

this reason, the non band-limited defined nominal plant is 

also used for the open-loop optimization and noise rejection. 

Fig. 5.2 presents the optimized nominal open-loop 

frequency responses (red). The multiplicative uncertainty 

(green) resulting from all the perturbed equivalent open-loop 

frequency responses has been placed as far as possible 

outside the low stability area of the Nichols chart. For the 

open-loop optimization of )(1 s , a resonance frequency 

about 4.5 rad/s and a bandwidth of 6 rad/s were chosen. For 

)(2 s  a resonance frequency about 2.1 rad/s and a 

bandwidth of 3.2 rad/s were chosen. 

Fig. 5.3 and Fig. 5.4 present the closed loop sensitivity 

functions T(s) and KS(s). From the complementary 

sensitivity function T21, we can note that at 4.5 rad/s, each 1 

mbar could generate a noise of 0.3 g/s at the airflow output. 

Also from T12 at 2 rad/s, 1 g/s could generate a noise of 10 

mbar at the boost pressure output. So  Qair  could be more 

affected by  pboost  pressure than  pboost  by Qair. 

 

 
Fig. 5.1: Decentralized control of a 3x2 MIMO plant. 
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Fig. 5.3: Complementary sensitivity function T(s). 

 

As explained previously, low order rational transfer 

functions are used to approximate the desired frequency 

response of each element of the decentralized controller: 
                                                                                                                                                                                                                                                                                                                                                                             
An anti-windup system has been added to these three 

elements for the implementation: the integral parts have 

been fed back using actuator saturation models [5]. 

 
         Fig. 5.4: Sensitivity function KS(s) 

VI. EXPERIMENTAL RESULTS 
 

 
Fig. 6.1: Implementation of the controller. 

 

Fig. 6.1 shows how the airpath controller has been 

implemented. From the driver request, pboost and  Qair 

setpoints are defined using static maps. 

 
Fig. 6.2 shows the  pboost and  Qair tracking during a NEDC 

extra-urban test cycle. In this kind of test, most of the engine 

operating points stay in the pollutant area. 

Analyzing the commands sent to the actuators in order to 

reach the setpoints, one notes a time delay of about 0.5s in 

idle speed and about 0.2s in low speed. Despite the speed 

variation, the non-square controller proves its ability in 

setpoint tracking and ensures robustness during changes in 

the operating points. No significant overshoot and no static 

error are observed. 

At 260s, Qair cannot reach the setpoint due to the 
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Fig.6.2: WG, EGR and Th control efforts (up top graph, in %), 

Qair tracking (middle centre, in g/s)  and pboost tracking (down 

bottom, in bar) versus time (s). 

50 100 150 200 250 300 350
70

75

80

85

90

95

 

 

WG

EGR

Th

50 100 150 200 250 300 350

40

60

80

100

120

140

160

180

200

220

240

Time (s)

A
ir
fl
o
w

 (
g
/s

)

 

 

Qair_etpoint

Qair

50 100 150 200 250 300 350

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

Time (s)

p
b
o
o
s
t 

p
re

s
s
u
re

 (
b
a
r)

 

 

pboost_setpoint

pboost

10 0 
-40 
-30 
-20 

-10 

EGR (dB) 

Noise on Q 
Air 

10 0 
-40 

-20 

0 

Noise on P boost 

10 0 
-30 

-20 

-10 
Throttle (dB) 

10 0 -30 
-20 
-10 

0 
10 

10 0 -40 
-30 
-20 
-10 

0 

WG (dB) 

Frequency(Rad/s) 
10 0 

-10 
0 

10 

Frequency (Rad/s) 

10 0 

-10 

-5 

0 

5 

Q 
Air 

 (dB) 

Set Point Q Air 

10 0 
-20 
-15 
-10 
-5 

0 
5 

10 

Set Point P boost 

10 0 
-35 
-30 
-25 
-20 
-15 
-10 
-5 

Frequency (Rad/s) 

P boost 
 

(dB) 

10 0 

-10 

-5 

0 

5 

10 

Frequency (Rad/s) 

 
Fig. 5.2: Optimization of open-loop in the Nichols chart, 1(s) for 

air flow control (left) and 2(s) for boost pressure control (right). 



 

 

 

saturation of the valves. Thanks to the decentralized 

controller, pboost reaches its setpoint. How can one loop 

continue to operate even though one sensor has been lost? 

The system can therefore be tested with a single sensor. . 

The EGR valve saturation is fixed here at 80% in order to 

avoid flow circulation from intake to exhaust, and hence to 

avoid critical engine behavior variation. 

 

Fig. 6.3 compares the NOx emissions of a non-square 

(3x2) and a square (2x2) controller during the NEDC test 

cycle. It can be seen that the NOx emissions with a non-

square controller are less than with the square controller 

especially in transitions. This difference is due to the throttle 

valve, which adjusts the air-flow entering the intake more 

rapidly. 

In [20] the proposed system control was compared with an 

industrial solution in simulation. 

VII. CONCLUSION 
 

The paper has proposed a frequency-domain method to 

design a robust non-square (2x3) control system. This 

control system was used here to control the airpath of a 

turbocharged diesel engine. After frequency-domain system 

identification, a decentralized (3x2) CRONE control system 

was designed by optimizing open-loop behaviors, while 

ensuring good frequency-domain closed-loop specifications. 

The control performance of the proposed method was 

demonstrated on a NEDC cycle experimental test. NOx 

emission was evaluated to check the pollutants reduction. 

The CRONE controlsystem for a (3x2) system with 

throttle ensures robustness on setpoint tracking and NOx 

reduction.  
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Fig.6.3: Comparison between NOx emissions of a square and non-

square controller. 

50 100 150 200 250 300 350

0

200

400

600

800

1000

1200

Time (s)

N
O

x
 e

m
is

s
io

n
 (

p
p
m

)

 

 

Square

Non-square


