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The main target for the present work is to study how to prevent the 

turbocharged diesel engine from the very dangerous problem of 

compressor surge. Different controllers to broaden the region of stable 

operation of the compressor, and thus, improve diesel engine 

performance were investigated. In the first, a simple model for the 

turbocharger with the diesel engine is created out. This model includes 

nine states, which represents the different subsystem components: air 

filter, intake manifold, intercooler, exhaust manifold, exhaust system, 

exhaust gas recirculation, compressor and turbine. Effects of each system 

components on the engine performance have been investigated. The 

second part, investigates the compressor surge phenomenon, its 

dangerous on the diesel engine stability and range of stable flow 

operation. Also, different techniques to suppress or for controlling the 

surge phenomenon and increase of the range of stable operation of the 

compressor were carried out. These techniques are the changes of engine 

intake manifold volume, throttle gain, auxiliary plenum, closed coupled 

valve and bleed valves. Comparisons of the present theoretical results 

with the available previous experimental and theoretical results were 

carried out. 

The results show that the required power for the compressor was 

increased by increasing the losses through the air filter and the intake 

manifold. The engine volumetric efficiency and the output power are 

increased by increasing the intake manifold pressure. With increasing the 

residual gas fraction, both the exhaust manifold temperature and the 

engine output power decrease. Decreasing the volume of the engine 

intake manifold increases the engine stability. The throttle valve with new 

gain as a controller improved the compressor range of stable operation 

by about 33% and about 15.4% improvement in pressure coefficient at 

low flow rate. Use the closed-coupled control valve as a controller for 

compressor surge gives an enhancement in compressor stable flow range 

of about 25 %, and 10.8% in pressure coefficient. While, the auxiliary 

plenum and the bleed valves give improvement in surge point about 20% 
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and 16% respectively. The present work shows good agreement in 

comparison of available experimental data from the previous 

investigations.  

 
KEYWORDS: Turbocharger, Compressor, Turbine, Modeling, Diesel 

Engine. 

 
NOMENCLATURE 

A           area, m
2
 

FA /    Air-to-fuel ratio 

a          speed of sound, m/s 

B         stability parameter = 

           ccp LAVau /)2/(  

C        slope 

Cp, Cv  specific heats, kJ/kgK 

xC      axial velocity, m/s 

EGR    exhaust gas recirculation 

H       pressure ratio at zero flow rate  

h        specific enthalpy, kJ/kg 

I       polar moment of inertia, m
4
  

cL    effective compressor duct length, 

m 

m     mass flow rate, kg/s 

N      speed, m 

P       power, watts 

p     pressure, Pa 

p    pressure difference, Pa  

     pressure ratio 

Q      volume flow rate, m
3
/s 

q      specific energy per unit mass, 

kJ/kg 

r      rotor radius, m 

T      temperature, K       

t           time, s 

u         rotor tangent speed, m/s 

        nondimensional torque   

      specific heat ratio, Cp/Cv 

        efficiency, % 

     density, kg/m
3
 

 flow coefficient = Aum /  

            = uCx / 

   pressure coefficient

= 2 P /  u
2 

         nondimensional time  

Subscripts 

a         air, ambient  

af        air filter 

c         compressor 

cc        close coupled 

cm       cooling medium of intercooler 

cyl      cylinders 

e         exit 

en        engine 

exm     exhaust manifold 

exs      exhaust system 

f          fuel 

HV      heating value 

i           inlet 

ic         intercooler 

im       intake manifold 

o         outlet condition  

p         plenum 

r         recirculation (EGR) 

T         throttle 

t          turbine 

 

1- INTRODUCTION 
 

In the present days, almost all modern diesel engines cars are equipped with the 

turbochargers due to the significance of the turbochargers improvement of the engines 
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performance [1, 2], the driveability and the emissions [3]. However, in the 

turbocharged engine, the energy in the exhaust gases drives the turbine, which is 

connected to a compressor through the turbine shaft and hence the pumping capacity 

of the compressor depends on the amount of energy that the turbine can transmit from 

the exhaust gases. Therefore, specification of a turbocharger for a given engine 

involves matching the turbocharger performance characteristics with those of the 

piston engine [4-9]. Kristoffersson [10] concluded that using the turbocharger reduces 

the size of the engine without loss for torque produced and hence better fuel 

consumption. In addition, modern diesel engines are typically equipped with variable 

geometry turbochargers [7, 8, 11, 12] and exhaust gas recirculation [1, 2, 9, 12, 13-25].  

On the other hand, it is well known that, operating the engine in presence of 

compressor surge may stop the flow through or inside the cylinders that lead to loss of 

some engine power or engine knocks [26-36]. In the present work, with the aim to 

prevent the turbocharged diesel engine from the compressor surge, a simple model for 

the turbocharger with the diesel engine was introduced and different methods for 

control of the compressor surge were investigated.  

 

The present model investigate effect of each of the system elements on the 

engine performance: air filter, intake manifold, intercooler, exhaust manifold, exhaust 

system, exhaust gas recirculation, compressor and turbine. Different techniques to 

suppress or control of the compressor surge phenomenon and to increase the range of 

stable operation were investigated. These techniques are the changes of engine intake 

manifold volume, throttle gain, auxiliary plenum, closed coupled valve and bleed 

valves. Comparisons of the present results with the available previous experimental 

and theoretical results were carried out to examine the validity of the obtained results. 

 

 

2. MODELING OF TURBOCHARGER WITH  

THE DIESEL ENGINE 
 

 

Figure 1 shows a turbocharger with diesel engine model, which includes also the air 

filter, intake manifold, intercooler, exhaust manifold, exhaust system, exhaust gas 

recirculation, turbocharger, compressor and turbine. The intake air through the air 

filter is compressed in the compressor, cooled in an intercooler and then the throttle 

valve can decide how much air is blown into the engine. The exhaust gases flow out 

through the exhaust manifold and, if the waste gate is closed, it goes to the turbine, 

which starts to rotate due to the energy in the exhaust gases. Then, the exhaust gases 

flow through an exhaust system (catalyst) and out to the atmosphere. The exhaust gas 

recirculation valve controls the second path from the exhaust manifold to the engine 

intake causing exhaust gas recirculation (EGR).  
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 Fig. 1: Model of the turbocharger with the diesel engine  

 

2.1. Effect of Pressure Loss through the Air Filter and Intercooler 

on the Engine Performance 
 

The pressure loss through the air filter is modeled as a tube filled with a porous 

medium, which can be written as:  

2
21, )/()/( aaaaaaafaafL pRTmkpRTmkppp     (1) 

Also, the pressure losses through the intercooler is modeled similar to [3] as follows: 

cacicL pmTkp /2
3,         (2) 

where, 1k , 2k and 3k  are constants. 

The total pressure loss through the air filter and intercooler using Eqs (1 and 2) is: 

cacaaaaaaicafL pmTkpRTmkpRTmkp /)/()/( 2
3

2
21,,    (3) 

Equation (3) shows that the losses through the air filter and intercooler are increase 

with increasing the compressor mass flow rate. Therefore, the power required to drive 

the compressor increases by increasing these pressure losses. In addition, these 

pressure losses are function of the ambient pressure and temperature. This means that 

the whole engine performance could be influenced by the ambient conditions.  

 

2.2. Effect of the Intake and Exhaust Manifolds on  

        Engine Performance   
 

The change of the pressure in the intake and exhaust manifolds using an ideal 

gas law in differentiating form and assuming the variations in temperature is very 

small, 0T , can be written as: 

 )( ,, oimiimimimim mmRTVp        (4) 
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)( ,, eemiemememem mmRTVp        (5) 

Assuming the mass flow into the intake manifold equals the mass flow trough the 

compressor, ( ciim mm  , ) and  the mass flow out of the intake manifold equals to the 

mass flow into the engine ( enoim mm  , ). The engine intake mass flow is: 

 )]60/()[( imrencyldimvolen RTNnNVpm       (6) 

where, vol  is the engine volumetric efficiency, dV is the displacement volume, 

cylN is the number of cylinders, enn is the engine speed (rev./min), rN is the number 

of revolutions per cycle, R  is the gas constant and imT is the intake manifold 

temperature. Equation (6) shows the engine volumetric efficiency vol , increasing 

with increasing the intake manifold pressure. That is the engine output increases with 

using the turbocharger, which increases the engine intake pressure.  

Whereas, the pressure losses through the intake and exhaust manifolds are assumed as: 

ecaecimL pmTkp ,
2

,4, /       (7-a) 

ememememL pmTkp /2
5,        (7-b) 

On the other hand, if it is assumed that, the exhaust gas recirculation (EGR) valve and 

the waste gate are closed, then the mass flow out of the exhaust manifold is assumed to 

be the same as the mass flow through the turbine teem mm  , . Also, the mass flow out 

of the engine (which equals the sum of the mass flow into the cylinders and the mass 

flow of injected fuel, fieneen mmm   ,,  is the mass flow into the exhaust manifold 

eneemi mm   . The exhaust manifold inlet mass flow is equal its outlet, 

eemiem mm ,,   . However, for an ideal Otto cycle, the exhaust manifold temperature 

can be written as:  

 /11/)1( )]/(1[)/(   cavinimemaem TcqppTT    (8) 

And the specific energy content of the charge per mass flow can be written as:  

)/()1( fimHVfrin mmqmxq        (9) 

The residual gas fraction rx can be written similar to [17] as: 

c
e

cavinimemr Tcqppx   /})]/(1[)/{( /11/1     (10) 

 

Substituting Eq.(10) into Eq.(9) and solving Eqs.(8 and 9) using the Matlab gives the 

exhaust manifold temperature as a function of residual gas fraction and the results are 

represents in Fig.2. The figure shows that increasing in the residual gas fraction 

decreases the exhaust manifold temperature.  
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Fig.2 Effect of residual gas fraction on exhaust manifold temperature 

 

2.3. Turbocharger Description Modeling 
 

Usually, the air required by the diesel engine determines the basic size of the 

turbocharger ( nNVm dava / ). If the engine is run at constant speed but 

increasing load, the mass-flow rate will increase almost proportionately with the 

increasing charge density or pressure ratio of the compressor. The appropriate 

turbocharger could be chosen from compressor characteristic maps (obtained from 

steady-flow tests) which provided by turbocharger manufacturers, and comparing that 

with the fuel map of the engine. The turbocharger compressor maps are used to 

identify minimum airflow, limit for continuous operation and minimum compressor 

efficiency. Therefore, determination of the compressor characteristic map correctly, 

explaining the steady and unsteady operation (range of stable operation) will avoid the 

diesel engine from unsteady compressor operation or surge phenomenon. The 

conservation of energy (stored energy per time = produced power - consumed power) 

can be written as: 

 )(/ , cttotalct MMPPIdtdE       (11) 

where E  is the energy stored in the rotating parts of the turbocharger, tP and 

totalcP , are the power produced by the turbine and the total power consumed by the 

compressor respectively, I is the moment of inertia of the turbocharger, tM is the 

driving torque, cM denotes braking torque acting on the rotating parts of the 

turbocharger spinning with the angular velocity .  

 

2.3.1 Compressor Performance Characteristics  
 
The target at this part from the present research, which is very important for 

protection of the turbocharged diesel engine from the very dangerous surge problem, is 

to determine the compressor surge limit or range of stable operation. Doing this 

requires drawing for the compressor performance characteristic and defines the steady 

and unsteady operations as well as the surge phenomenon. The second step is how to 
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increase the range of stable operation for the compressor, by making suppression for 

the surge problem or to control of surge, which will increase the range of stable 

operation. First of all, the compressor characteristic map must be defined,  the stable 

region and surge line as well as maximum efficiency points for  different speed lines 

must be clearly shown. The region, which just before surge line must be also defined. 

However, the compressor power can be evaluated using the first law of 

thermodynamics for an adiabatic process of an ideal gas with constant specific heats 

as:  

ccapaacpac TcmTTcmP  /]1)[()( /)1(      (12) 

Where the compressor pressure ratio as a function of mass flow rate can be written as: 

)1/(
32

2
1

2 }/])/()/([1{  
apcacacc Tcaumaumau   (13) 

where, cu is the rotor tip speed and ia are tuning constants. 

That is the total power required to drive the compressor, using Eqs.(3, 7 and 12) is:  

ecaeccacaaa

aaaccapatotalc

pmTkpmTkpRTmk

pRTmkTcmP

,
2

,4
2

3
2

2

1
/)1(

,

//)/(

)/(/)1(







  

  (14) 

 

2.3.2. Turbine Performance Characteristics  
 

The net amount of produced turbine power can be written as:  
 

])/(1[ /)1(   emttemptt ppTcmP      (15) 

 

In addition, the turbine efficiency can be written as: 
 

])/(1/[)/1( /)1(   emtemtt TTTT     (16) 
 

Equations. (15and16) show the turbine power and efficiency are connection between 

the flow and pressure ratio and independent of the compressor speed. To make the 

model more general, the volume flow should be considered instead of mass flow as 

explained in earlier sections. The instantaneous turbine torque can be written as: 
 

NcmM ttptt 


/)1(30
/)1( 

       (17) 

 

However, inserting (17), (14) into (11), yields the final expression for the turbine shaft 

speed model. Figure 3 shows the compressor characteristic including the range of 

stable operation, turbine pressure ratio and the turbocharger net power. The figure 

shows that the turbocharger operation is limited due to compressor surge as well as 

choke. That is the diesel engine must be operated at air mass flow rate higher than 

0.27kg/s and if it works at flow rate less than this valve it will inter in unsteady 

operation due to compressor surge. This figure emphasized that turbocharged diesel 

engine stabilization is dependent on the range of stable operation of the compressor. 
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Fig. 3 Effect of compressor range of stable operation on diesel engine stability 

 

2.4. Exhaust Gas Recirculation for Diesel  

          Engine with Turbocharger 
 

The recirculation of exhaust gas from the upstream of the turbocharger turbine 

through an EGR valve into the intake manifold where it dilutes the incoming fresh air 

is denoted as EGR system. The EGR is one of the most effective methods for reducing 

the emissions of nitrogen oxides (NOx) of diesel engines [31]. However, to study the 

effect of EGR on the engine performance, a simple model similar to that used for the 

intake manifold dynamics is described by differentiating the ideal gas law, 

mRTpV   resulting in a differential equation (assume T =0)can be written as:  

imencEGRimim VmmmRTp /)(        (18) 

where, imV  is the intake manifold volume. Assuming no mass is accumulated in the 

EGR system, if the exhaust manifold pressure and temperature are known, the flow 

through the EGR valve can be determined by using standard orifice flow equation 

[17]: 

 
5.05.0 )]1)(/2[()(

em

im

em

im
imememrEGR

p

p

p

p
pRTpAm     (19) 

where rA is the effective area of the EGR valve. Substituting Eqs.(6) into Eq. (18) the 

compressor mass flow rate can be written as: 

   
imr

encyldim
vol

em

im

em

im

em

emr
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RT
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mm

60
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    (20) 

Equation 20 shows that in case of the turbocharged diesel engine, the 

compressor mass flow rate is very important for engine stability to avoid the surge 

problems. On the other hand, this equation shows also that increasing the EGR 

decreases the compressor mass flow rate. Therefore, the outlet pressure ratios from the 

compressor and in parallel the outlet temperature from the compressor are decreased. 

That is the exhaust gas temperature decreases with using exhaust gas recirculation 
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with the diesel engine. This leads to decrease in the NOx emission in the diesel engine 

because, the specific heat of the EGR is much higher than fresh air, hence EGR 

increases the heat capacity of the intake charge, thus decreasing the temperature rise 

for the same heat release in the combustion chamber.  

 

3. COMPRESSOR SURGING WITH DIESEL ENGINE 

TRANSIENT OPERATION 
 

It is well known that, the compressor is more sensitive for variations in mass 

flow and pressure ratios than the turbine and most stability problems of the 

turbocharger are due to the compressor surge, which occurs when the mass flow rate is 

low. Whereas, the engine runs mostly at quite low loads during normal driving where 

the mass flow into the cylinders is low and consequently the compressor is run at low 

flow rate. Therefore, the diesel engine with a turbocharger needs a wide range of 

stable flow operation to avoid the problems of surge. For this reason, the transient 

operation of the diesel engine load has effect on the compressor surge and hence the 

engine stability will be discussed in the following sections. 

 

3.1 Governing Equations and Compressor characteristic 
 

The surge margin is usually adequate under steady state conditions, when the 

diesel engine operates under dynamic conditions, in which the turbocharger 

compressor may be driven beyond its surge limit [22-24]. To detect the compressor 

stable and unstable operations and hence range of stable operation, a compression 

system such as shown in Fig. 4 is represented. This system consists of a centrifugal 

compressor, an intake plenum located downstream the compressor and a valve 

connected between the plenum and the engine intake. The compressor is part of the 

engine turbocharger and is connected to the turbocharger turbine across a common 

shaft. The conservation of momentum in the compressor exit duct can be written as: 

 cpaxcc PPPdtCdL /)(       (21) 

Conservation of mass in the plenum is given by: 

   TcPP mmdtVd  /)(       (22) 

Conservation of angular momentum in the turbocharger shaft (Eq.11) is given by: 

  ct MMIdtId   /        (23) 

Equations (21) and (22) can be written in nondimensional form as follows:  

  ])([/)( 2
pccc BdBd        (24) 

  )(/)( 22
Tcp BdBd         (25) 

If the torque M  is nondimensionalized by
2ruAc , Eq.(23) becomes: 

   2/ FBddB          (26) 
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where, IrALF cc /2 2 ,  is the nondimensional net torque, ct  . 

Substituting Eq.(26) into Eqs.(24) and (25) gives: 

   cpccc FBBdd ])([/       (27) 

   pTcp FBdd 2)(/       (28) 

The compressor characteristics in the region beyond the surge line can be estimated 

similar to [28] by using the following equation: 

  }]1)/[(5.0]1)/[(5.11{ 2  ccc mmH     (29) 

where, H  is the pressure ratio at zero flow,  ,  are parameters that shown in Fig.5.  

 

Comp. 

    

    

Turbine 

Intake 
plenum Engine intake 

Comp. 

 inlet 

Turbine inlet 

Turbine exit 

       
        Fig. 4 Compression system               Fig.5 Compressor characteristic 

 

The complete compressor performance characteristic or pressure coefficient as a 

function of flow coefficient )(p can be written as [27]: 

 
32 497.236.538.1))22.0(120arctan(23.0 p  (30) 

Equations (26-28) are coupled set of nonlinear equations which were solved 

numerically using the Matlab for cB , and p  with )( cp  and )( c the 

specified compressor pressure coefficient (Eqs.29 and 30) and torque characteristic, 

respectively and the results are shown in Fig.6. The dynamic behavior of the 

compression system at  = 0.23 is shown in Fig.6a. The main compressor geometric 

data and the measured parameters are taken from [27], including the compressor flow 

coefficient (Cx/u), the impeller tip Mach number (Mto), and the isentropic head 

coefficient (p), are shown in Fig.6b. The predicted results are agreement with the 

experimental data of [27]. This figure shows that when the compressor was operated at 

 = 0.23, Fig.6, the mass and pressure fluctuations are relatively small. While when 

the compressor was operated at flow coefficient of  = 0.225, the amplitude and shape 

of fluctuations are completely different due to occurring surge as shown in Fig.7. That 

is decreasing the compressor flow coefficient from  = 0.3 to 0.225, leads to cause the 

compressor running in deep surge. However, when the compressor run at = 0.23, 

Fig.6 shows initiation of unstable operation while when tested at = 0.225 the results 

show deep surge operation. 
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Fig.6:  Present and measured [27] results for the system at = 0.23  
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The changes in flow rate from  = 0.23 to  = 0.225 is very small but the compressor 

becomes unstable in deep surge. This indicated that the compressor is very sensitive 

for decreasing its mass flow rate even if the change in mass flow is very small. That is 

the engine may operate in dangerous operation due to operation of the compressor in 

surge condition. Therefore, and after detecting the compressor range of stable 

operation and the problems which can surge makes to the turbocharged diesel engine 

due to limited range of mass flow operation of the compressor, the next sections will 

try to extend the compressor range of stable operation or to suppressed the surge to 

avoid the turbocharged diesel engine from the unsteady operation.   

 

3.2 Effect of the Engine Intake Manifold on Compressor surge 
 

Fink et al. [27] concluded that, the volume of the compression system intake has 

the major effect on the form of the surge cycle. Therefore, this part of the present work 

investigates influence of the engine intake manifold volume on the compressor surge 

and engine performance. To show this effect, the volume of the engine intake manifold 

is decreased by 0.05 m
3
 or decreasing the parameter-B from 1.1 to 0.9. Applying this 

in Eqs. (26-28), the results with the experimental of [27] are shown in Fig.8. The 

figure shows the compressor becomes a little stable with the small volume of the 

plenum in respect of large plenum volume. The time is decreased or the number of 

cycles per sec is increased as shown in fig.8 in comparison with those in Fig.7 even if 

the amplitudes of flow and pressure fluctuations are approximately the same. That is 

the compressor may run in mild surge instead of deep surge for the same flow 

coefficient,  = 0.225.  

 

On the other hand, if the flow coefficient is mapped against pressure coefficient 

it will give so-called surge cycle as shown in Fig.9 to emphasize the above results for 

effect of engine intake manifold volume on the compressor surge. It is clear from the 

figure that the surge cycle diameter is decreased by decreasing the volume of intake 

manifold. With the small volume of the intake manifold the system was in mild surge, 

while at the same mass flow rate, the system is in deep surge at large volume of the 

intake manifold. In fact, many tests were carried out for decreasing volumes of the 

intake manifold or B-parameter and gave increases in range of stable operation 

depends on decreasing value of the parameter B. The results of these tests are not 

given in this paper because there are no available experimental data for the 

comparison. Figures (6-9) conclude that the compressor could enter in deep surge with 

very small changes in flow rate, which leads to stop of the flow from the compressor 

to the engine. That is the surge is very dangerous problem for the engine and must be 

controlled or suppressed to protect the engine from this phenomenon. Therefore, the 

next section tries to increase the compressor range of stable operation by controlling 

the compressor surge.     

   



MODELING OF A TURBOCHARGER WITH THE DIESEL… 

 

105 

0

0.1

0.2

0.3

0.4

0 0.2 0.4 0.6 0.8 1

F
lo

w
 r

a
te

, 
k
g

/s

1.5

2

2.5

3

0 0.2 0.4 0.6 0.8 1
Time, sec

P
r.

 r
a
ti

o
 

 
                                 a-Present model                                b-Experimental [27] 

 

Fig. 8 Results at large volume of the engine intake manifold  
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Fig. 9 Effect of intake manifold volume on compressor surge cycle  

 

3.3 Control of Compressor surge with Change of Throttle Valve Gain 
 

It must be mentioned here that, there have been many researches [example, 25-

31] were carried out to solve or control the surge problem, which limits the industrial 

turbomachinery performance. Few investigations [32-36] were made on surge control 

for the turbocharger of vehicle engine. The surge problem in a vehicle engine occurs 

mainly, when the throttle is closed very fast. Typically when the driver takes his/her 

foot off the gas pedal during gearshift, the requested air mass to the cylinders will be 

heavily reduced causing the control system to close the throttle [33]. However, 

references [32 and 33] show that the throttle valve in the turbocharger compressor 

with the diesel engine is the main cause for surge trigger. Therefore, it is important to 

correct the throttle characteristic to work as a throttle controller for surge. However, 
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when modeling the throttle air mass flow rate airm , it is best to consider the air mass 

flow through a venturi, which is given by: 

TiTiTiTeTia RTQpTppm /)]()([),,,(      (31) 

where the subscripts Ti and Te  are the conditions at throttle inlet and exit, 

respectively, Q  is a function depends on the opening area, TA , and a discharge 

coefficient, dC , that depends on the shape of the flow area; Tdth ACQ  . However, 

a simple model for the throttle opening area can be written as: 

)]cos(1[ 11 aaAAA ooT        (32) 

where, oA is the leak presented area even though the throttle is closed, 1A  is the area 

that is covered by the throttle when it is opened and   is the throttle angle. The 

parameters oa and 1a  are constants. The discharge coefficient, dC  is assumed to be 

constant, thus 

))cos(1( 11 aaQQQ ooth        (33) 

The mass flow through the throttle ( Tm ) is modeled as: 

5.0)( apTT ppKm         (34) 

where, TK  is the throttle coefficient or gain proportional to throttle opening which 

will used as a controller. Equation (34) can be written in a nondimensional form as: 

   
5.0

pTT K         (35) 

On the other hand, different forms for the throttle gain as a controller were 

summarized in [34] and the throttle was modeled as follows: 

1.0)( 5.0  pTT K        (36) 

However, in the present study, large number of iterations was carried out to correct the 

throttle gain as a controller and a suitable form could be written as: 

 )5.25.11/()1.0( 32  HKT     (37) 

Substituting Eq. (37) into Eq. (36), the flow coefficient through the throttle becomes: 

 1.0)]5.25.11/()1.0([ 5.032  HpT   (38) 

Substituting Eq. (38) into Eq. (28) gives: 





p

pcp

FB

BHdd

2

/}1.0)]5.25.11/()1.0([{/ 5.032
 (39) 

Again, Eqs. (27), (28) and (39) were solved using the Matlab for cB , and p in 

Eq.(30) with )( cp  and )( c as the specified compressor pressure and torque 

characteristic, respectively. The results show that with using the new gain of the 

throttle valve the surge was detected at flow coefficient of 0.065 while it was occurred 

at flow coefficient of 0.225 with the original compressor without controller [27]. That 

is, this controller increases the compressor range of stability about 33% and pressure 
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coefficient about 15.4%. It must be mentioned here that, although, the present paper 

corrected the throttle gain best than that used in [37] but it is clearly observed that, the 

throttle gain has more effect on improvement in the range of stable flow operation in 

the axial flow compressors than in the centrifugal compressors. This may be due to the 

effect of centrifugal action on the flow direction and the jump in the centrifugal 

compressor characteristic curve at surge condition is very severe with the centrifugal 

compressors than that with the axial compressors.   

 

3.4. Control of Compressor surge by Using Closed-Coupled Valve  

 

This part of the present work investigates effect of closed coupled valve (sensor 

and actuator) to control compressor surge to increase the engine range of stable 

operation. To do this, some assumptions were considered, similar to Nelson et al. [35] 

the total pressure at the compressor inlet is considered as a sensor and the valve that 

modulates the compressor exit area as actuator. This actuator is denoted as close-

coupled valve as shown in Fig.10.  

On the other hand, since the instantaneous flow through the compressor is the 

same as the flow through the close-coupled valve, by introduction of the control term 

),( cccc   which represents the nondimensional form of the pressure drop through 

the close-coupled valve ( cc ) as a function of flow coefficient and the valve 

fraction open cc , Eq.(27) becomes:  

 cccccpccc FBBdd )),()((/    (40) 

The total pressure at the compressor exit oc as a function of the variables , and 

the input variable cc can be written as: 

  pcccccoc  )(),(       (41) 

 

Sensor  Controller 

Comp. Plenum 

Inlet duct 

Close-Coupled Valve 

 

 

Fig. 10 Closed coupled valve control system 

 

Effect of the sensor actuator on the compression system performance could be 

detected from its transfer function, )(sW , i.e., the ratio of the Laplace transformed 

system output (sensor signal oc ) to input (actuator motion cc ) which can be written 

as:  
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 (42) 

where s is the Laplace transform variable, cC is the equivalent compressor slope for 

the combined valve and compressor, )( ccccC  , TC  is the slope of the 

throttle pressure drop versus flow characteristic, )//(1  TTC  and K  is the 

changes in the valve area to the valve pressure drop, ccccK  / . The system 

stability can be determined from the roots of the closed loop characteristic equation: 

0)()( 21  sEWsW xx       (43) 

where, )(1 sWx  and )(2 sWx  are the denominator and numerator polynomials 

respectively and E  is the real constant of proportionality in the control law. However, 

the compressor will run stably when the roots of Eq.(43) are negative real parts, while, 

when the control is off ( 0E ), the compressor instability or surge point can be 

determined from the roots of )(1 sWx only. Whereas, at E  greater than zero, the 

compression system stability becomes strongly modified by the term, )(2 sEWx . On 

the other hand, the compression system transfer functions defined as: the compressor 

mass flow is )(/)/1( sDBCsBE T , the plenum pressure is )(/ sDE , the compressor 

exit static and total pressures respectively are )(/)/1( sDBCsEs T  and 

)(/]/2)/12([ 2 sDCsBCBsE TT  . 

Where, )/1()/1()( 2
TccT CCsBCBCssD  . Substituting these transfer 

functions into Eq.(43) and rearranging the results in a characteristic equation as 

follows: 

 0)//1()/1(2  TTccT CKECCsKBEBCBCs   (44) 

Equation (44) shows that, the compression system stability requires: 

   0)/1(  KBEBCBC cT               (45-a) 

 0)//1(  TTc CKECC               (45-b) 

Examination of Eqs.(45-a and 45-b) shows that, all the parameters are positive 

numbers except for the compressor slope, cC . However, operating the compressor at 

high flow rates i.e., when the compressor slope, 0cC , the system will be stable with 

no feedback ( 0K ). When the engine runs at low flow rates, the compressor slope 

cC becomes negative, which reaches zero at the peak of the compressor characteristic 

curve, and then moves to the large positive value. That is, the system will be unstable 

without feedback. For sufficiently large values of the throttle gain K , all the 

parameters in Eq.(45) can be simultaneously satisfied and the system should be 

stabilized. However the compression system using controller of the closed coupled 

valve the surge was detected at flow coefficient of 0.13 in comparison of the 

compressor without controller. This improved the compressor range of stable 

operation about 20%.    



MODELING OF A TURBOCHARGER WITH THE DIESEL… 

 

109 

 

3.5 Control of Compressor surge with Auxiliary Plenum 
 

Ffowcs Williams and Hung 1989 [36] used a movable plenum wall, driven by 

a signal proportional to the unsteady plenum pressure, to suppress surge in a 

centrifugal turbocharger. The basic prediction is that a properly designed moving 

plenum wall can substantially increase the stable flow range of a centrifugal 

compressor system. Similar to Hassan [37], which use spring and damper with read 

valve in parallel to control the axial flow compressor surge, while the present work 

uses two damper and spring to suppress the surge in axial flow compressor. A 

schematic diagram of the compression system with auxiliary plenum is shown in 

Fig.11. 

 
  

 Intake 

plenum 
 Comp. 

 
 

 Engine 

intake 

 

   

 

Fig. 11 Compression system with auxiliary plenum 

 

 

Movable wall balancing equation can be written as: 

 )( .,auxppp ppAcyydym        (46) 

where, y and pA are the plenum wall displacement and surface area respectively.  The 

wall in the present work that has mass m  is a part of damper-spring-damper system 

responding to the unsteady plenum pressure perturbation, with a displacement y  that 

is proportional to the driving force. The change in plenum volume is pyA  and the 

plenum mass change is pyA . Mass conservation equation in the plenum can be 

written as: 

dt

dy
A

dt

pd

a

V

dt

dy
A

dt

dp
Vmm pp

pp
pp

p
pcT  




2
   (47) 

Using the nondimensional group: pp VyA / , oauM / , pcPo mVLA /2 , 

mkmd /2/ . Then Eq. (43) with the movable plenum wall becomes: 

  ddMFBBdd pTcp /)/2(2/)(/ 2   (48) 
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The parameters M and  are the wall displacement and tip Mach number in 

nondimensional form to measure the effect of wall motion on the mass balance in the 

plenum. B-parameter represents the magnitude of the positive compressor 

characteristic slope required for the disturbances to grow. The pressure drop through 

the throttle ( TTTT Amp /5.0 2 ) can be written in a dimensional form as: 

  2// 2
TT dd       (49) 

In addition, Eq. (46) can be written as: 

 2

22

2

2)
/

(2 ZB
m

k

d

dmk

d

d

HH












    (50) 

To determine the effects of the auxiliary plenum on system stability or surge margin 

Eqs. (27, 48, 49 and 50) were written in a matrix form similar to [37] and solved using 

Matlab. The mean flow coefficient using the experimentally determined compressor 

characteristic curves of [27] enables prediction of the compressor instability onset 

condition for various system and control parameters. On the other hand, this matrix 

constitutes an eigen value problem for the complex growth rate, s, which can be 

obtained as a function of the parameters ,,,MB . Therefore, the limit of 

stabilization for a given value of B-parameter, using this controller will occur at a 

point of the compressor characteristic where the slope (  dd / ) is1/B. This slope 

can be compared with that of natural surge point, that occurs at a value of (  dd / ) 

given by substituting  dd / =
12 )/(  TTB . The results show that using the 

auxiliary plenum with the compression system as a dynamic control is effectively 

suppressed the centrifugal compressor surge and shift the surge line to the left about 

25% in flow over a significant portion of the corrected speed range examined and 

increases the pressure coefficient at low flow rates about 10.8%.  

  

3.6 Control of Compressor surge Using Bleed Valves  

 

In this part of the present work, effect of air bleeds between the compressor 

exit and inlet on the range of stable operation was investigated. A simple model 

includes the compressor inlet bleed through valves was represented.  In this case, the 

mass flow bled by the valves b  is an additional flow that appears in the balance 

bdc  where d is the mass flow in the portion of the compressor 

downstream of the bleed valves. The pressure balance must include the pressure 

change b due to the bleed valves. The valves also influence the pressure change 

d across the downstream portion of the compressor and modify the pressure change 

e in the exit duct. Bernoulli’s equation can be relating the upstream pressure , 

downstream pressure d , and the bleed pressure b  as:  
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222 5.05.05.0
bbddc      (51) 

Using the valve pressure change as  dv and db  5.0 , then d  

can be eliminated to:  

 
25.0
bbv         (52) 

The pressure change d  across the downstream portion of the compressor stages is 

composed of two parts. The first part exists even when there is no bleed, while the 

second part is the pressure change introduced by the valves. Moore’s model [37] gives 

the change of pressure across the downstream compressor portion as: 

   /)()( ddcd      (53) 

where the constants  =1 and  =1.29. In the present model d is replaced by 

b  and )( dc   is approximated by )( dc   = )( bc   = 

 /)( cbc and substitute in Equ.(53) to obtain  

tbbcbcd  ////)()(   (54) 

Also, Moore’s [37] gives the pressure changes c  due to effect of the bleed valves as 

a function of the downstream mass flow d , in terms of the upstream mass flow 

and the bleed mass flow b  

tmtL ddce  /)1(/   

        = tmtLtmtL bbcc  /)1(//)1(/   (55) 

Where cL is the compressor duct length. In Eq.(54), the mass flow is split into its 

mean  and the deviation  from the mean   :  

The effect of bleed valves can be expressed by collecting Eq.(52), (54), and (55) as: 

tmtL bbc

bbcbb





/)1(/

/)5.0/(




   (56) 

Effect of bleed on the compressor stability and performance can be detected by 

inserting Eq.(56) into Eq.(28) and  solving Eqs. (27), (28) with (56) using the Matlab 

for cB , and p with )( cp  and )( c . The results show that the surge occurs 

at flow coefficient = 0.15 and about 16% improvement in compressor range of 

stable operation was detected. Figure12 shows conclusions of the influence of 

different controllers on compressor range of stable operation. The mass flow 

coefficient at which surge occurs with the original compressor [27], is at flow 

coefficient of = 0.225, while with optimum throttle valve gain the surge occurs at 

flow coefficient of 0.065.  
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Fig. 12 Effect of controller on compressor range of stable operation 

 

That is correcting the throttle valve gain improved the compressor range of stable 

operation about 33% and 15.4% in pressure coefficient. The auxiliary plenum gives 

about 25% enhancement in the stable flow range and 10.8% in compressor pressure 

coefficient. The close-coupled control valve increases the compressor stable flow 

range about 20%, while, the bleed valves increases the compressor range of stable 

operation by about 16%. 
 

4. CONCLUSIONS 
 

To avoid the turbocharged diesel engine from the very dangerous problem of 

compressor surge, different techniques for surge suppression and control were 

investigated. First, simple model for the turbocharger with the diesel engine was 

created, to investigate the effect of air filter, intake manifold, intercooler, exhaust 

manifold, exhaust system, exhaust gas recirculation, compressor and turbine on the 

engine performance. Effect of operating the compressor in surge condition on the 

engine performance was investigated. Different techniques to suppress or for control 

the surge phenomenon and increase of the range of stable operation of the compressor 

were carried out. These techniques are: changes of the engine intake manifold volume, 

optimum throttle valve gain, auxiliary plenum with damper-spring-damper system, 

close-coupled valve and bleed valves.  

The results show that:  

1. The engine volumetric efficiency and the output power were increased by 

increasing the intake pressure.  

2. Increasing the residual gas fraction decreases the exhaust manifold temperature 

and the engine output power.  

3. Decreasing the volume of engine intake manifold increases the compressor limit of 

stable operation and the engine stability.   

4. Correcting the throttle valve gain improved the compressor range of stable 

operation by about 33 percent and the pressure coefficient by about 15.4%. 
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5. Using an auxiliary plenum with damper-spring-damper system shifted the surge 

point to the left about 25% of the compressor maximum flow rate and increases 

the pressure coefficient by about 10.8% at low flow rates. 

6. The close-coupled valve as controller for compressor surge gave about 20% 

enhancement in the range of stable flow rate.  

7. Using the bleed valves between the compressor up and downstream gives about 

16% increase in range of stable operation.  

8. Operating the compressor in surge condition leads to decrease the airflow to the 

engine, which causes incomplete combustion, and decrease of the engine output 

power.  

9. Comparisons of the present results with the available previous experimental and 

theoretical data showed good agreements. 
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 اغطالضغطغطة  مدى فى تحكمالو يزل محرّكِ دلربينى و شاحنِ تنمذجة 
نْ مشكلةِ ممحركَ الديزل ذو المحرّك النفّاثَ حماية  من هذا البحث هوإنّ الهدفَ الرئيسيَ 

أجهزة سيطرة مختلفة تم بحث أضافة على المحرك . ولذلك  الخطرةِ جدا  غطغطة الضاغطات 
تم داية فى الب . ديزلالن  أداءَ محركِ يحسّ لت   المستقرّ للضاغطِ  فى السريان لتَوسيع منطقةِ العملِ 
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 مرشّحِ الهواء، أنبوبكلا من: تأثيرِ  لدراسةربينى بمحركِ الديزل و تاللشاحنِ لنموذج بسيط  عمل
ضاغطِ العلى أداء  الى المحركعادمِ الغازِ جزء من  تدويرو  ،عادمِ ال، أنبوب المبرد  ، السحب

 لغطغطة كىِ ديناميالسلوكِ ال معرفةنموذج بسيط ل عمل . أيضا   توربينِ على أداءِ المحرّكَ الو 
تقنيات تمت دراسة .  على أداءِ المحرّكَ  وجود الغطغطة تأثير تشغيل الضاغطِ فيو  الضاغطَ 

. هذه  المستقرّ للضاغطِ  التشغيلوزيادةَ مدى  الغطغطةمختلفة لقَمْع أَو للسيطرةِ على ظاهرةِ 
أضافة ، مام الخانقَ الص مكافى تحسينِ و  ، ماسورة مدخل المحركالتقنياتِ كَانتْ: تغيير حجمِ 

 ، تأثير الصمامِ الم زَاوَجِ الم غلقِ و  ،لاخماد الغطغطة  مسبط وسوستة ومسبطوج باخزان مساعد مز 
 :الاتىالنَتائِج  وقد أظهرت .بين مخرج ومدخل الضاعط  صمامات نزفِ أضافة 

 .ومدخل المحرك خلال مرشّحِ الهواء الفاقدِ زِيدَ بزيَاْدَة تلضاغطِ ايل لتشغة المطلوبة درَ الق .1

 .للمحرك ماسورة السحبلداخل الضغطِ البزيَاْدَة  ةَ الناتج ةدرَ القكفاءة المحرّكَ الحجميةَ و  دزِيت .2

 المحرّكَ.ة درَ قتقل نْقص  درجةَ حرارة العادمَ و عادم الداخل للمحرك تَ غازِ المية تدوير بزيَاْدَة ك .3

 إستقرارَ المحرّكَ. يحسنلضاغطَ و ل المستقرمعدل التصرف يَزِيد   السحبحجم  أنبوب  انقاص .4

 ليةِ الضاغطَ المستقرّةَ مدى عم% زيادة قى 33أعطىَ حوالي  صمام الخانقَ  مكافىءتحسين  .5
 %.1554وكذلك الضغط المكافى بحوالى 

 %. 25حوالي بمدى عمليةِ الضاغطَ المستقرّةَ فى حَسّنَ تأضافة خزان مساعد أعطى  .6

 المستقرّ  انِ يالسر تحسينَ في مدى  %22لم زَاوَجِ أعطىَ حوالي إستعمال صمامِ السيطرةِ الم غلقِ ا .7
 المستقرّ  انِ يالسر تحسينَ في مدى % 16فاعطت حوالى  نزفِ الصمامات اما لضاغطِِ .ل
 . لضاغطِ ل

 أظهرت تطابق معقول.لنَتائِجِ الحاليةِ بالبياناتِ التجريبيةِ والنظريةِ السابقةِ لمقارنات عمل   .8
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