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ABSTRACT: This paper mainly focuses on  detailed mathematical model for a Variable Geometry Turbocharger 
(VGT) pneumatic actuator controlled by an Electro-pneumatic Pressure Converter (EPC).Variable Geometry 
Turbocharger is an important part of the engine air path which is responsible for intake, exhaust air quality and exhaust 
emissions control.  Electro-pneumatic actuators are widely used to control the vanes of Variable Geometry 
Turbochargers . Actuator is connected to the vanes of the VGT  by a mechanical linkage. Electro-pneumatic actuator   
consists of a pressure regulator and a pneumatic actuator. Output of the pneumatic actuator is the diaphragm position 
hence positioning of the diaphragm controls the vanes of the VGT.A detailed nonlinear model which accurately 
describes different behavior at different operating points is required during engine design, for simulating the effects of 
actuator dynamics on the overall engine and air path performance. System model is simulated by using Simulink 
software. 
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I. INTRODUCTION 
 
The rapidly progressing environment of the automotive industry demands accuracy in control of the mechatronic 
systems used in the vehicles. Such systems include electro-pneumatic actuators which are commonly used in exhaust 
gas recirculation, air brake systems and turbocharger applications . A physical model based control strategy helps in 
enhancing engine performance. This paper presents  the modeling of an electro-pneumatic actuator used in the variable 
geometry turbocharger (VGT) system. The electro-pneumatic actuator is composed by an electro-pneumatic pressure 
converter (EPC) coupled to a pneumatic actuator. Pneumatic actuators are commonly used in high power positioning 
applications in automobile systems, such as  turbocharger control (waste-gate and VGT), exhaust gas recirculation 
(EGR), and variable intake manifolds [1]. Although not as precise as electric motors [2] they have the advantages of 
high power-to-size ratio, low maintenance cost, light weight, and the availability of pneumatic sources in the engine. 
These advantages come at the price of more friction and nonlinearity due to air compressibility. In presence of these 
traditional drawbacks, precise and robust control strategies are required to use pneumatic actuators effectively. 
 
The position of the pneumatic actuator diaphragm  is controlled by using the EPC to vary the pressure in one chamber, 
while the pressure in the second chamber is kept constant. A similar method of controlling the pressure in a chamber 
(single acting actuator) has been discussed in[3] Another method of position control of pneumatic actuators by varying 
the pressure in both chamber (double acting pneumatic actuator) is discussed in [4]. Different physical models of the 
electro-pneumatic actuators exist, which model the pneumatic actuator for VGT vanes position  via a pressure 
regulator. The input voltage to these regulators is normally expressed as the percentage duty cycle, since actuators are 
usually energized using pulse width modulation. A model with pressure variation due to air mass flow to the pneumatic 
actuator chamber is presented in [5]. A double acting pneumatic actuator model is presented with the consideration that 
pressure also varies due to change in volume of pneumatic actuator is presented in [6]. A  pneumatic actuator model 
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with considering the variation in pressure due to mass flow, temperature and volume is discussed in [7]. In [8] air mass  
inside the chamber and its variation is fitted as a function upstream and downstream pressure. 
In this paper a complete non-linear model of an electro-pneumatic actuator has been  presented where input to the 
system is PWM input and the output of diaphragm position has been controlling. The proportional valve uses a damper 
or a spring and its advantage over conventional ON/OFF solenoid valve is that it can attain more than two positions 
with different input voltages. The EPC used in the VGT actuator has mixed characteristics. It has a spring and damper 
mechanism but without air pressure it acts as an ON/OFF solenoid valve. The reason for this mixed design is that in the 
pressure converter, the force due to air pressure plays a significant role. The second part of the system is a single acting 
pneumatic actuator. It can be modeled as a spring damper mechanism with input as pressure difference across both the 
chambers of pneumatic actuator 
Paper is organized as follows , Section II describes about the overall VGT electro-pneumatic 
system. Physical model of the system has described in Section III. Section IV presents  model 
validation . Section V concludes the paper. 
 

II. SYSTEM DESCRIPTION 
 

Figure.1 shows the schematic diagram of an electro-pneumatic actuator for a variable geometry turbocharger system. 
Electro-pneumatic VGT actuation systems generally comprise of two sub systems, a linear pneumatic actuator and an 
electromagnetic system which regulates the pressure inside the pneumatic actuator, to control its position.  
 

 
Fig. 1. A complete system with EPC, pneumatic actuator and VGT 

 
The pneumatic actuator is a single acting actuator which is connected to a pressure regulator or Electro-pneumatic 
Pressure Converter (EPC) through a pneumatic line, and to the unison ring of the VGT via a mechanical linkage. It 
consists of a diaphragm which is connected to the VGT′s vanes through this linkage. The diaphragm along with a 
membrane splits the inner space of the actuator into two chambers. The solenoid EPC connects the pneumatic actuator 
chamber with a source reservoir (vacuum) when it is energized, and to the atmosphere when it is de-energized. Figure 2 
shows different stages of  electro-pneumatic actuator.   

                                                    
Fig 2 Different stages of EPC 

    (a) EPC in equilibrium                                                   (b) Magnetic force is applied                                      (c) Magnetic force is  removed                                
                                                                                                                                                                                                                                                                                                 
The pressure difference so obtained inside the two actuator chambers results in diaphragm motion. The actuator stem 
linking the diaphragm with the VGT vanes hence moves the vanes to vary the turbine geometry. The spring action 
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inside the pneumatic actuator brings the vanes back to their original position. The diaphragm inside the pneumatic 
actuator moves in response to the pressure difference created inside the chamber. The pneumatic actuator controls the 
VGT vanes position. The EPC controls the pressure on the other side of the diaphragm The diaphragm is connected to 
the vanes of the VGT through a linear linkage. The linkage moves a crank in the VGT to which the vanes are 
connected. The crank turns  the vanes all together and hence, varies the amount of the exhaust gas reaching the impeller 
of the turbocharger’s turbine. 
 

III. SYSTEM MODELING 
 

A detailed nonlinear model which accurately describes different behavior at different operating points is required 
during engine design, for simulating the effects of actuator dynamics on the overall engine and air path performance. 
While in the modeling  the pressure dynamics in the pneumatic actuator are considered by taking into account the 
compressible flow equation along with pressure and temperature losses in the pneumatic lines. Both the system (i.e. 
electro-pneumatic pressure converter and the pneumatic actuator) are combined together to obtain a base model of an 
electro-pneumatic actuator. Figure 3 shows the block diagram representation of the  complete VGT system  containing  
EPC  and  pneumatic actuator. 
 

1) Electro-pneumatic Pressure Converter Modeling : 
 
The EPC is a solenoid that converts magnetic force into mechanical motion of the plunger. 
 

 In the equilibrium position actuator port is neither connected to supply vacuum nor to atmosphere. 
 When plunger moves down due to  magnetic force  between actuator port and supply port (vacuum) is formed. 
 When applied signal is removed plunger moves up due to pressure difference and forms a connection between 

actuator chamber and atmosphere. 
 
The equivalent electrical circuit of the EPC is a current carrying wire with resistance Ri and variable inductance L; 
dependent on plunger position shown in figure 4 

 
 

                
              Fig.3  Block diagram of the complete VGT system                                                               Fig. 4  Equivalent circuit diagram of EPC. 
                        containing an EPC and a pneumatic actuator                  

 
  
From Kirchhoff’s voltage law, the equation of the electric circuit can be written as ,  
 

                
dt
dLi

dt
diLRU ipwm                                                                                                   (1) 
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Equation for magnetic force : 
                                                         

0

2

2
ABFmag                                                                                                            (2) 

Mechanical equation for the plunger : 
 
The mechanical equation of the plunger can be written as a sum of all the forces acting 
on it 



 sppmagmemactresatmpp FxbFFFFFxm                                                                                         (3) 
Where  
          pm   =plunger mass 

           pb    =damping constant 

           actF  =force on the plunger due to pressure within the actuator chamber. 

          sF


   =spring force act when plunger is displaced. 
          memF =force due to elasticity of membrane 

         1sK


  = stiffness  constant 
 

2) Equation for air mass flow : 
 
Air mass flow can be modeled as air passing through the duct towards the actuator.  A  path is formed between actuator 
chamber and reservoir when the plunger moves down due to  magnetic  force and the air flows from the actuator to 

vaccum  reservoir( outactm 



)  

                                  



outactm )()(
act

res

act
actresacteff P

P
RT

pA 


                                                                             (4) 

The air path between actuator chamber and atmosphere is attained  when magnetic force is removed. inactm 



  flows 
from atmosphere to actuator chamber. 
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                                                                             (5) 

Where  
          effA  =effective flow area. 

            actP =actuator pressure. 

            actT =actuator temperature. 
             =specific heat at constant volume. 
 
 
2) Pneumatic actuator model: 
 
The pneumatic actuator consists of a linear linkage shaft that is connected to a diaphragm. The diaphragm divides the 
internal actuator space into two chambers via amembrane. Pressure difference in the chambers moves the diaphragm 
and the linkage linearly. This motion is converted into a rotary motion via a rotating unison ring in the VGT that 
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actuates all VGT vanes together. These guided vanes regulate exhaust gas flow to the turbocharger.The mechanical 
subsystem for the diaphragm can be modeled as a mass spring and damper system. Applied force to the diaphragm is 
pressure difference between actuator chambers. Using Newton’s second law of motion 
 
Mechanical sub system can be modeled as a mass, spring and damper system, 

                                                          fsddactdd FFxbFxm 


                                                             (6) 

Where  dm =mass of diaphragm 

               db =diaphragm position 

              sF =sum of pre-compressed spring force. 

              smK =spring constant 
 

                                               
Actuator pressure model : 
 
Pressure inside the actuator chamber can be determined from the air mass flow entering or leaving the actuator, and the 
variation in volume of the chamber due to diaphragm movement. A flow model can be obtained with following 
assumptions. 
 

 Air is a perfect gas 
 Pressure is homogeneously distributed throughout the chamber 
 Process is isothermal hence, temperature inside the actuator chamber is considered as constant. No heat loss 

occurs from the walls of the actuator 
 There is no leakage flow from the walls of the actuator 

 
Pressure inside the actuator chamber can be modelled from the air mass flow equation entering or leaving the actuator 
chamber  

                                  )1( vdt
dmRT

dt
dT

V
mR

dt
dm

V
RT

dt
dPact                                                                            (7) 

 
Volume of actuator chamber : 
 
The volume of the actuator chamber varies with the change in position of the diaphragm. Let us consider the actuator 
chamber as a cylinder with initial volume 0V .The volume of the chamber reduces as the diaphragm moves from its 

initial position. The displaced volume depends on the diaphragm position  dx and diaphragm disk area dA . 
 
Volume of the actuator chamber varies with the change in position of the diaphragm 

 
                           dact AVV  0                                                                                                                       (8) 

                                       ddact xAV


                                                                                                         (9) 
 
Temperature of actuator chamber   :      
 
Temperature inside the actuator chamber  varies due to the energy flowing from the atmosphere to the actuator or from 
actuator to reservoir.                                
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                          outinx HHQ
dt
dW

dt
d

dt
dE 

 )(                                                                                            (10) 

 
Substitute caloric equations in to (10) 

])[(])[(][][ actvoutactatmvinactxactvact TRcmTRcmW
dt
dTcm

dt
d
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outactactvinactactvactactvactvact mTcmTcmTcTcm
dt
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][                                                     (12) 

 
Mechanical work done by the actuator diaphragm is the product of pressure inside the pneumatic actuator and the 
change in volume of the actuator chamber 
 
 
                                              actactx VPW                                                                                                               (13) 
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From equation (12)    actT
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Pressure dynamics , 
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From eqns  (1) , (3) ,  (4) ,  (5) ,  (6) , (9) ,(17) and (20)   the state equations can be written as 
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Where  
                  1x =plunger position 

               2x  =plunger velocity 

                   3x  =diaphragm position 

                   4x =diaphragm velocity 

                   5x =temperature inside the actuator     

                  6x =pressure inside the actuator 

                   7x  = air mass inside the actuator chamber. 

     And the output is the diaphragm position dx which has to be controlled with respect to PWM input. 
Using these state equations we have validated the  system in next section. 
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IV. SIMULATION RESULTS 
 

 
 

 
                Fig.5  Response of diaphragm position                                        Fig.6 Response of pressure inside the actuator chamber 

 
 

 
                    Fig.7 mass flow inside the actuator chamber                                                   Fig 8. Temperature inside the chamber 

 
 

Using these state equations we have validated the system  response and from the system response it is infered that 
system is an unstable system.  
 

V. CONCLUSION  
 
This paper focuses on the non-linear modeling of the VGT electro-pneumatic actuator system. Detailed  non-linear 
modeling is performed by considering the dynamics in the pressure, air mass flow  and temperature. The pressure 
dynamics inside the actuator chamber are modeled by taking into account the variation of mass, temperature and 
volume.  The model so obtained is validated using Simulink  and also model so  describes electro-mechanical 
phenomena inside the actuator. From the model validation it is  inferred that the system is an unstable system. 
Advanced non-linear controllers can be used to  controlling the diaphragm position. 
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