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ABSTRACT 

 
The main objective of this paper is to use a robust controller based on quantitative feedback theory on vehicle to control 
engine at idle speed. There are different parameters affecting vehicle fuel consumption, fuel efficiency, exhaust emission 
reduction and better power delivery from which Changes in engine works condition. In this paper, the various steps of 
controller design are undertaken and an optimal robust controller is designed. This controlling approach, proposes a 
transparent and practical controller design methodology for uncertain single-input single-output and multivariable plants. In 
engine, Throttle Valve dynamic has multivariable nonlinear transfer functions. For this reason in this paper QFT technique is 
used for designing the proposed controller. After linearization a robust controller is designed for tracking problem. Next, 
simulation for tracking problem has been carried out which indicates successful design of controller.  The simulation results 
show very good engine behaviour under controlled actions in situations where the uncontrolled throttle has undesired 
behaviour. It is also shown that with the presence of different uncertainties, the controller is able to produce accurate desired 
responses. 
KEYWORDS: Robust, Controller, QFT, Idle Speed, Throttle Valve. 

 
INTRODUCTION 

 
An important motivation behind this study is that automatic control of internal combustion engines leads to several 

benefits such as reduction in emissions, improvement in fuel efficiency and power delivery. The air quality in many cities 
falls considerably below the standards set by the World Health Organization as well as the National Ambient Air Quality 
Standards [1]. 

One of the most important parameters in fuel consumption and also emission in engine is Air-Fuel ratio. It is the mass 
ratio of air to fuel present during combustion. AFR is a significant measure for anti-pollution and performance tuning 
Procedures. Figure 1 shows emissions in different AFR. 

 

 
 

Fig.1   Emissions in the different AFR 
 

Lean mixtures, when injected in an internal combustion engine, produce a smaller amount power than the stoichiometric 
mixture. In the same way, rich mixtures return of poorer quality fuel efficiency than the stoichiometric mixture. (The 
mixture for the best fuel efficiency is somewhat different from the stoichiometric mixture). There are some modes which 
engine works on them. When the engine is cold, it is cold speed. The engine makes so emission especially harmful gases in 
this condition. When the engine works idle, it emits also dangerous products but not as hazardous as cold speed. Figure 2 
shows them clearly [2]. 
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Fig.2   Air-Fuel Ratio in engine modes 
 

There are some Standards for emissions. One of the most famous standards is Euro. Figure 3 shows the amount of some 
dangerous combustion products in Euro 5. 

 

 
Fig.3   Emission in Euro 5 

 
For having an obvious study in estimating fuel consumption, it is needed to test every vehicle. These tests are done in a 

same standard in every country. The protocol used for this named driving cycle. 
Driving cycle is a series of data shows the speed of vehicle versus time. They are different in different regions. Some of 

them like European are smooth. 
In figures 4 and 5 one of the famous European driving cycles and American driving cycles are demonstrated respectively. 

 

 
 

Fig.4   One of the European driving cycles 

 
Fig.5   One of the American driving cycles 
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Because of some reasons like traffic, the engine should work in the idle speed condition. This study is devoted to control 

the engine in this mode. 
 

Nomenclature: 
Symbol Quantity 

 
 Parameter 

 
Value 

 
풎̇휶(풕) Filling rates of air mass  Angle, α0 0.1379 radians 
풎̇휷(풕) Emptying rates of air mass  Diameter, dth (58.7).10-3 m 

   R Gas constant for air  Leakage area, Aleak (5.3).10-6 m2 
   Tm The manifold temperature  Gas constant, R 287 J/Kg K 
   Vm The manifold volume  Ambient temperature, Tamb 298 K 
   dth Diameter of circular  Ambient pressure, Pamb (0.98).105 N/m2 
   Patm Atmospheric pressure  Isentropic exponent, γ 1.35 
   Tatm Atmospheric temperature  Volume, Vm (5.8).10-3 m3 
   Cd Discharge coefficient for the flow  Air temperature, Tm 340 K 
   γ Specific heats of air ratio  Coefficient, γ0 0.45 
훒퐦(퐭) Density of intake manifold air  Coefficient, γ1 (3.42).10-3 s 
훚(퐭) Engine speed in rad/s  Coefficient, γ2 (-7.7).10-6 s2 

훈퐯퐨퐥(퐭) Volumetric efficiency of the engine  Stroke volume, Vd (2.77).10-3 m3 

   Vd(t) Stroke volume of the engine cylinder  Clearance volume, Vc (0.277).10-3 m3 
퐦̇퐟퐢 Mass flow rate of fuel delivered by the fuel injector  Exhaust gas pressure, Pex (1.08).105 N/m2 

   X The fraction of the fuel that impinges on the wall  Parameter, η0 0.16 J/Kg 
   mff The mass of the manifold fuel film  Parameter, η1 (2.21).10-3 

J s/Kg 
   τff Time constant for the first order evaporation mode  Parameter, β0 15.6 N m 
   λ Air fuel ratio  Parameter, β2 (0.175).10-3 

N m s2 
   TL Load torque and of the engine  Transport delay from suction to 

power stroke 
0.125 s 

   J Rotational inertia of the engine  Inertia, J 0.2 Kg m2 
   α0 Throttle angle when the throttle is fully closed    
   Aleak Flow area when the throttle angle is α0    
 휹풔풖풄풕 풑풐풘 Time delay between suction phenomenon and torque production    
  P(s,α) Uncertain plant    
  G(s) Compensator    
   N Engine speed    
 

Idling 
The engine operates in this mode if the clutch is disengaged; the accelerator pedal is not pressed by the driver and the 

engine is in the “idle speed range” (typically800-1500 rpm). A separate idle speed controller takes over control of the 
engine. The reference speed for this mode is set equal to minimum possible speed such that the engine does not shut off. 
When the clutch is in disengaged condition, the net power-train inertia is very low. As a result, the cyclic fluctuations in 
torque may cause undesirably large speed fluctuations. Also the engine load during idling is of variable nature and could be 
a source of sudden drop or rise in the engine speed. When at idle, the engine is at the lowest extreme of its speed range, 
piston speeds are low and the air mass flow is minimal thus turbulence and swirl are low. The valve overlap used to enable 
efficient engine breathing at higher engine speeds means that at idle there is a large amount of residual (burnt) gas present in 
the cylinder with the charge, up to 30-40% at low air flows ([FC99]).These factors mean that combustion quality is generally 
poor, the non-homogeneous nature of the charge meaning that the variability from cycle to cycle is larger than at higher 
mass flows. The smaller system inertia during the idle mode (compared to when the clutch is engaged and the inertia is 
comprised of the whole vehicle) means that cyclic variations in engine torque can significantly affect the engine speed on a 
cycle by cycle basis. Although the system is inherently stable in a nonlinear sense, see appendix C, cyclic variability can still 
cause significant speed variations which will detrimentally affect customer perception of vehicle quality. The control 
objectives during idling mode are: 

1 Maintaining the mean engine speed equal to the reference value 
2 Minimizing speed fluctuations. 
The work applies only to gasoline, spark ignited, port fuel injected (PFI) engines. The work presented here is developed 

for an engine with manual throttle and CU controlled air bypass valve, however it is straightforward to translate the work to 
engines with the air path controlled by electronic throttle. 

 
Quantitative Feedback Theory (QFT) 
There are different methods to control engine at idling speed. Amongst these methods, QFT is applied for controlling the 

engine at idling speed conditions. In the 1960s, Horowitz continued the pioneering work of Bode and introduced a 
frequency-domain design methodology that was refined in the 1970s to its present form, commonly referred to as the 
quantitative feedback theory (QFT) [3, 4]). 
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The QFT is considered as a practical engineering method for the robust controller design of continuous time feedback 
systems, based on frequency-domain design methodologies [5, 6, 7, 8]. The quantitative approach provides a design 
methodology which enables the designer to observe clearly the limitations and trade-off in its design. However, to use this 
flexibility in an optimal compromise between different practical design requirements would require much experience and 
expertise and is mainly based on a time consuming trial-and-error procedure [9, 10]. 

 
Port Fuel Injection System and Control System 
Figure 6 shows a sketch of a drive-by-wire port fuel injection engine. The engine control unit (ECU),controls air/fuel ratio 

and ignition timing. 

 
Fig.6 drive-by-wire PFI engine 

      
  Modelling 
 

Intake Air Path Dynamics 
In this part, a dynamic model for intake air path in PFI engines is derived.The resulting model is suitable for initial 

analysis and design of a robust controller based on Quantitative Feedback Theory on vehicle to control engine at idle speed. 
Figure 7 illustrates schematic of the intake air path. 
 

 
 

                  Fig.7 schematic of the intake air path 
 

One simple model of the air flow in an intake manifold is the filling and emptying model. The throttle admits air flow 
from one end of the manifold, while the cylinder draws air out from the other. Assuming no leaks, the mass flow rate (푚̇ ) 
through the throttle and the mass flow rate ( 푚̇ ) out of the manifold are identical only in steady state. The rate of change of 
the air mass within the intake manifold equals the difference between these two flows. 
 
푑푚
푑푡 = 푚̇  −  푚̇      ⟹     

푑푚
푑푡 =  푚̇   −   

휂 푉 푁푝
2푅푇                                                                                                                    (1) 

  
Assuming that the manifold pressure ( 푝 ) is uniform and the intake manifold temperature (푇 ) is constant, ideal gas law 

yields an expression of air path dynamics in terms of manifold pressure. 
 

=   푚̇  −    푝                                                                                                                                                            (2) 
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The air mass flow rate past the throttle section is a function of following two variables: area for the flow, and pressure 

ratio across the throttle section.  

푚̇ (푡) = 퐶 ∙ 퐴푟푒푎(푡) ∙
푃
푅푇

∙ 휓
푃 (푡)
푃 (푡)

                                                                                                                                  (3) 

 

                                                                    
      Fig.8   Air flow past the throttle plate 

 
The available cross sectional area which the flow has to pass can be expressed as: 
 

 퐴푟푒푎(푡) = ∙ 푑 [1 − cos(훼(푡))]   
                             (4) 

휓 ( )
( ) =

⎣
⎢
⎢
⎡ 훾[ ]                                            푓표푟 ( )

( )
< [ ]

( ( )
( )

) ∙ ∙ ∙ [1− ( ( )
( )

) ]     푓표푟 ( )
( )
≥  [ ]

              (5) 

 
The throttle body control block is shown in Figure 9. 

 

                                                                         
 

Fig.9 Throttle body control block 
   

As a consequence, two approximate results could be observed. First, the equality of temperature before and after orifice 
Tatm(t) = Tm(t) and Second, the equality of downstream pressure, Pm(t),and the pressure at the narrowest  points of valve. 
By Modelling air induction we can come into the assumption that engine is a volumetric pump. 

 
푚̇훽(푡) = 휌푚(푡) ∙ 푉̇(푡)                                                                                                                                                                                (6) 

 
Cylinder air induction control block is shown in Figure 10. 

                                                                       
Fig.10. Cylinder air induction control block 

 
Assuming (휂 )  as a static function of manifold pressure and engine speed, a typical expression for mass flow rate is as 

follows: 
 

푚̇훽(푡) =  휌푚(푡) ∙ 휂푣표푙(푃푚(푡),휔(푡)) ∙ 푉푑 ∙
휔(푡)
2휋

                                           (7) 
 

Torque Production 
Three dimensional thermodynamic simulation of the combustion process is required for accurate estimation of torque. The 

engine torque is usually formulated as a static function of the influencing variables to obtain modeling. Various approaches 
have been proposed to obtain the static torque function [11, 12]. From one of these approaches that use the notion of mean 
effective pressures the following expression is driven [11]: 
 
푇 (푡) =

̇ ( ( ), ( ))∙ ( )

( ). ( )
∙ 퐻 −휓(휔(푡),푃 (푡)).                    (8) 

 
Linearization 
The main objective during the idling mode is to maintain a constant engine speed irrespective of engine loading. It is 

assumed that the air-fuel ratio is held at stoichiometric value by a separate controller. It is also assumed that the spark 
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advance is affected by a separate controller. Therefore, for the purpose of controlling idling speed, throttle angle (α) is the 
only control input that influences engine torque production, and thus engine speed. The model has two state variables 
manifold pressure (Pm) and engine speed (ω). 

 
Equation (4) for the throttle area is modified to the following form: 
 
퐴푟푒푎(푡) = ∙ 푑 1 − ( )

( ) + 퐴                     (9) 
 
In idling condition, the manifold pressure (Pm) is always less than the critical pressure limit (Pcr) defined as : 

 [ ] ∙ 푃 (푡). 
 In this case, equation (3) for mass flow rate across the throttle section is approximated in equation (10): 
 
푚̇ (푡) = 퐴푟푒푎(푡) ∙ ∙

( )
                (10) 

 
Substituting equation (9) into (10) gives the following static relationship between the mass flow rate and the throttle angle. 
 
푚̇ (푡) = ∙

( )
. ∙ 푑 1− ( )

( ) + 퐴 = 푚 (훼(푡))                                                                                  (11) 

The mass flow rate of air entering the cylinder may be expressed as a static function as follows [12]. 
 
푚̇ (푡) = . 휂 푃 (푡) . 휂 휔(푡) ∙ 푉 ∙ ( ) = 푚 푃 (푡),휔(푡)                                                                                        (12) 

 
Thus, from equations (2), (11) and (12) the rate of change of manifold pressure 푃̇ (푡) can express as a nonlinear function of 
α (t), Pm (t) and ω (t) as follows: 
 
푃̇ (푡) = 푓 (푃 (푡),휔(푡),훼(푡))                (13) 
 
Evolution of the engine speed happens as expressed by equations (14): 
 

훿 (푡) =
( )

                 (14) 
 
It is assumed that the air-fuel ratio is held tightly at the stoichiometric value. The time delay from suction to power stroke 

is neglected. Then from equation (8) the engine torque can expressed as a nonlinear static function of engine speed (ω) and 
the intake manifold pressure (Pm). This in-turn allows rate of change of engine speed to be expressed in the following form: 

 
휔̇(푡) = 푓 (푃 (푡),휔(푡),푇 (푡))                (15) 
 
State matrix is chosen to have two elements viz. manifold pressure (Pm) and engine speed (ω). The input to the control 

system is throttle angle (α). Load torque (TL) is the disturbance for the system. The nonlinear system expressed by equations 
(13) and (15) is linearized and expressed in the following state-space form: 

 

∆푃̇
∆휔̇

= . ∆푃∆휔 +
0

.∆훼 +
0

. ∆푇                                         (16) 

 
The coefficient matrices must be evaluated at a given operating point defined by combination of (Pm, ω) or (α, TL). For the 

purpose of simulations, engine specifications for a 2.8 litter port fuel injection engine are taken from [13]. These 
specifications and values of various other engine parameters for the engine at idling state are mentioned in Appendix A. The 
desired idling speed is chosen as 100 rad/s. The initial load torque is taken as 5 Nm, required throttle angle and the intake 
manifold pressure were found using equations (13) and (15). They came out to be 0.1598 radians and 0.2566×105 N/m2 
respectively. The coefficient matrices were evaluated at the operating point to give following state-space equation. 

 
∆푃̇
∆휔̇

= −2.7848 −713.3291
0.0105 1.4378 . ∆푃∆휔 + 1.733푒 + 6

0 .∆훼 + 0
−5 .∆푇            (17) 

 
Quantitative Feedback Theory (QFT) 
QFT design includes three main steps which are computing the robust performance bounds, designing the robust 

controller and if necessary proper pre-filter. At the end, analysis of the design is required. In Figure 11 transfer functions 
G(s) and F(s) are compensator (strictly proper) and pre-filter (proper) respectively. Also these two transfer functions are 
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P(j )G(j )a( ) <F(j )  b( )
1 P(j )G(j )

 
   

  

checked to be stable. P(s) is uncertain plant belong to a set of 푃(푠) ∈ {푃(푆,훼);훼 ∈ 푃}where α is the vector of uncertain 
parameters for uncertainty structured of P(s) which to take values in P; also R(s) are reference input signals. 
 

 
Fig.11   Feedback Control System Configuration for QFT 

 

Tracking Problem 
The specifications overshoot and the settling time are given in the form of upper and lower bounds in frequency domain, 

usually based on simple second-order models to represent under damped and over damped conditions. 
 

      (18) 
 

Where a( )  and b( ) are positive real valued functions of . 
 
Robust Margins 
The two conditions for robust stability are: (1) stability of the nominal system and (2) the Nichols envelope does not 

intersect the critical point q (which is the (-180°, 0 dB) point in a Nichols chart or the (-1, 0) point in the complex plane). 
The second condition is equivalent to placing a magnitude constraint on the complementary sensitivity function. 

l
( j )

l 1
 


  For all > 0 and p     where:      퐿(푠) = 푃(푠) 퐺(푠)           (19) 

                   
Robust Performance Bounds 
Having obtained the robust-performance bounds include tracking problem and robust stability bounds (U-contour) the overall 

bounds of the design can be calculated by combining appropriately the individual bounds for each point of the phase-grid. 
 
Loop Shaping 
Employing the uncertainty templates in the desired frequency domain and by satisfying the robust stability and 

performance bounds is achieved. Loop shaping is performed to produce a loop gain which satisfies the corresponding 
bounds at all frequencies. The compromise between performance and cost of feedback, compensator order and bandwidth is 
clearly seen in the loop-shaping process. This process is, however, very much dependent on the experience and ingenuity of 
the designer [3, 4, 6, 10]. 

The tracking specification is translated to certain condition on the nominal open loop frequency response퐿 (푠) =
푃 (푠)퐺 (푠)whereP0(s) denotes the nominal plant, defined for any 푃 ∈ ∆ the tracking specifications will be satisfied [10]. 
 

L ( j )i
max P ( j )p i L ( j )iP( j , )i db

( ) b( ) a( )i




  
 

      






                    (20) 
 

Design of Robust Controller 
 

Template Generation 
Figure 12 shows the model of Yaw channel throttle valve. 
 
푇퐹∆ →∆ =

.
  a= [1.1, 1.4]   b= [3.3, 3.6]             (21) 

 
Tracking Problem 

 
The overshoot limit in specifications (MP= 20%) and the settling time (TS= 0. 1 s) are given in form of upper and lower 

bounds in frequency domain,  Robust tracking bounds for yaw channel are shown in Figure13. 



Gharib and Moavenian 2012 
 
 

               
Fig.12   Uncertainty templates                                                   Fig.13   Robust Tracking Bounds 

 
Robust Margins 
For our QFT design, the following robust stability margin constraint is added. Robust Margin: 
1

푙 + 1
(푗휔) < 1 ∙ 01 

                           (22) 
Figure 14 shows the Robust Margins Bounds. 
 

Robust Performance Bounds 
The robust performance bounds for Throttle Valve are obtained by intersection bounds from robust margins and tracking 

bounds. You can observe the robust performance bounds in Figure 15. 
 

            
Fig.14   Robust Margins Bounds     Fig.15   Robust performance bounds 

 
Loop Shaping  
By using the elements of the QFT toolbox we design the controller so that the open loop transfer function exactly lies on 

its robust performance bounds and does not penetrate the U-contour at all frequency values (ωi). Figure 16 demonstrates the 
Loop-shaping in Nichols chart. The optimal is designed and given as below: 

 

 
Fig.16   Loop-shaping in Nichols chart 
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퐺(푠) = 0.4615

푠 + 5.096
푠 + 197.3

                                                                                                                                                                          (23) 
                          

Analysis of Design 
The time domain closed loop response with controller is shown in Figure 17 which indicates our design is accurate. 
 

 
Fig.17 Step response and control effort of system with G(s) 

Conclusion 
 

Automatic control of engine's throttle valve has many advantages such as reduction in emissions, improvement in fuel 
efficiency and power delivery. In this paper, after obtaining model of system with uncertainty, QFT is used in order to 
design a robust controller for engine at idle speed. The basic design steps can be summarized as linearization of Throttle 
body dynamics, design of suitable robust controller for stability and tracking problems. Finally, simulation of control 
indicates that applying the proposed technique successfully overcomes obstacles for robust control of engine at idle speed. 
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