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ABSTRACT

Modern conventional submarines use diesel generators to provide power for propulsion and
the hotel load. The governor, often a proportional-integral controller, attempts to maintain a
constant speed by regulating the fuel flow to compensate for the back pressure disturbances
due to the underwater exhaust. Poor control can cause fluctuating exhaust gas temperatures,
leading to increased wear and reduced reliability. This paper develops a low order engine
model which is then used to investigate the performance benefits that can be obtained
through proper tuning of the governor control parameters. It is found that the engine exhibits
stable behaviour over a very wide range of controller gains, and that tuning the governor
solely to minimise the engine speed fluctuations may not minimise the exhaust gas
temperature fluctuations.
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Assessment of Governor Control Parameter Settings
of a Submarine Diesel Engine

Executive Summary

Modern conventional submarines use diesel generators to provide power for
propulsion and the hotel load. The governor, often a proportional-integral (PI)
controller, attempts to maintain a constant speed by regulating the fuel flow to
compensate for the back pressure disturbances due to the underwater exhaust. Poor
control can cause fluctuating exhaust gas temperatures, leading to increased wear and
reduced reliability.

This paper develops a low order model of a generic engine and governor, and then
uses the model to examine the effect of varying the proportional and integral gains on
the ability of the controller to reject the disturbance and maintain a constant engine
speed. The effect of the governor gains on selected other engine parameters is also
investigated.

The key conclusions from this work are as follows:

1. for a speed governed engine, with the control system implemented using a PI
controller, the engine exhibits stable behaviour over very wide ranges of both
the proportional and integral gains;

2. it is possible to tune the controller in such a way as to effectively eliminate
engine speed fluctuations due to back pressure disturbances;

3. tuning the control system to focus on minimising speed fluctuations may, or
may not, also minimise the cylinder exit temperature fluctuations (for the
engine described in this paper, there is a large region for which the speed
variations are minimised, but the cylinder exit temperature fluctuations are
only minimised over a small part of this region); and

4. even at the optimal control point, a PI controller based on speed error alone still
results in significant temperature variations due to exhaust back-pressure
disturbances. This effect cannot be simply tuned out. A different control
structure is required for reduced engine temperature variations.

It should be noted that the results presented in this paper only apply to the engine
modelled here, and other engines may respond differently to changes in the controller
gains. This paper describes a technique for optimising engine performance in response
to back pressure fluctuations by tuning the controller parameters. In order to apply this
technique to another engine, a validated model of that engine is required.
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Nomenclature

Empirical constant

Specific heat at constant pressure
Specific heat at constant volume
Diameter

Error

Enthalpy

Integral gain

Rotational inertia

Empirical constant

Mass flow rate

Number

Rotational speed

Pressure

Proportional gain

Ratio

Gas constant (air)

Time

Temperature

Internal energy

Volume

Discrete frequency domain transform variable

Effectiveness

Ratio of specific heats
Efficiency

Isentropic temperature ratio
Density

Torque

Subscripts and superscripts

c
cc
cmd
comb
corr
cv
cyl

d
eng

f
fr

Compressor, compression
Combustion chamber
Commanded
Combustion
Corrected

Control volume
Cylinder

Displaced

Engine

Fuel

Friction
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in Inlet

ind Indicated

max Maximum

min Minimum

ND Non-dimensional

out Outlet

p Pressure

pump Pumping

ref Reference

req Required

res Restriction

R Crank revolutions per power stroke
vol Volumetric

g Derivative with respect to time
9* Dimensionless
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1. Introduction

Diesel generators typically operate at a constant engine speed and power a constant electrical
load. One method of maintaining the desired engine operating point is to use a governor,
which regulates the fuel flow rate in order to maintain a constant engine speed. A governor of
this type is often all that is necessary for full control of the engine. For example, an increase in
the load will cause a drop in engine speed, and, in response, the governor will increase the
fuel flow rate until the speed is brought back to the set point. A common governor
implementation is via a proportional-integral (PI) or proportional-integral-derivative (PID)
controller. This paper only considers the simpler and more common PI-based control
structure, with the impact of an added derivative component left for future work.

Under submarine snort conditions, the underwater exhaust system imposes a high exhaust
back pressure on the diesel engine, due to a combination of the long exhaust ducting and the
head of water above the exhaust outlet (see Figure 1). Sea surface waves passing over the
submarine cause the water depth to vary, causing a corresponding fluctuation in the engine
exhaust back pressure. This can result in fluctuations in the engine speed, air flow rate, fuel
flow rate and cylinder temperature as the governor struggles to maintain constant speed [1-5].
Under high sea state conditions the engine power output must be reduced to limit the
maximum cylinder temperatures, as excessive temperatures cause increased wear, reduced
reliability and reduced engine life [1, 6].

\/M

Figure 1 ~ Diagram of a snorting submarine

Hield [1] developed a one dimensional computational fluid dynamic (CFD) model of a generic
diesel in the submarine environment using the Ricardo Wave [7] engine modelling software
(see Figure 2). The engine is an 11 litre six cylinder inline turbocharged diesel engine, similar
in topology to those commonly used in conventional submarines. While useful for
investigating engine behaviour, CFD models are non-linear and can be computationally
intensive. From a control systems viewpoint, a submarine engine and governor form a
standard closed loop control system, with the back pressure acting as a disturbance input to
the system (see Figure 3). The dynamic behaviour of systems of this type is more easily
examined using low order models. Such models are quick to run and can be linearised around
an operating point, allowing the use of standard linear analysis techniques.
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Figure 2 Ricardo Wave model of a speed-governed generic diesel engine in the submarine
environment [1]

This paper develops a low order model of the engine and governor modelled by Hield [1],
and then uses the model to examine the effect of varying the proportional and integral gains
on the ability of the controller to reject the disturbance and maintain a constant engine speed.
In this low order model, individual combustion events are not directly captured. Instead, the
mean effect of the combustion is modelled and the time delays due to the intermittent nature
of reciprocating engine combustion are captured in the engine control system model. In
addition, the structure of the model allows any engine architecture to be modelled using
different combinations of the engine component sub-models. The effect of the governor gains
on selected other engine parameters is also investigated.

Back pressure
Set Speed Fuel disturbance Actual
speed + error flow rate speed
:/-\ »| Governor »| Engine >

>

Figure 3  Diagram of the engine control system
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2. The Model

There are many mean value engine models available in the literature (e.g. [8-13]). They all
follow a similar structure, and model most engine components in the same way. There are,
however, differences in the approaches taken, particularly with the modelling of the
combustion chamber. The model described in this paper is an adaptation of that of Biteus [8],
but takes sub-models from other authors where appropriate.

2.1 Model Structure

The gas path model consists of engine components separated by control volumes.
Components define the mass flow based on the inlet and outlet conditions, and either add
energy to or subtract energy from the flow. Components include compressors, turbines,
combustion chambers, intercoolers and restrictions. Control volumes represent the manifolds
connecting the engine components. The pressure and temperature of the gas within a control
volume is set by the mass and enthalpy flows in and out of the control volume. By
maintaining the order component - control volume - component, the flows can be balanced
between the components and conflicts will not arise.

Non gas path models include rotating shafts and the engine governor and fuel system.
Rotating shafts are used to transfer work between components and to the engine load. The
governor monitors the engine speed and regulates the fuel flow rate in order to maintain the
engine at the desired speed.

Using these models, it is possible to build low order engine models of a wide variety of engine
architectures, including naturally aspirated, supercharged, turbocharged engines, or
combinations of these.

21.1 The Compressor Model

Supercharged and turbocharged engines use a compressor to increase the pressure of the
intake air, increasing the mass of air that can be inducted into the cylinders and therefore
increasing the power that can be obtained from the engine. Compressor characteristics cannot
be calculated from first principles. Instead they are measured experimentally and presented in
the form of maps relating the compressor speed and efficiency to the mass flow and pressure
ratio.

The mass flow through the compressor and the isentropic efficiency are obtained from

mc: fl(rpc’Nc)’ (1)
and
7= £, (e N, ), 2)
where
Pou
Foe = ?ﬂt' (3)
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Refer back to the nomenclature section at the beginning of the paper for the meaning of the
symbols. The temperature of the gas leaving the compressor is obtained from the definition of
the isentropic efficiency

1
Tout :Tin [1+_(luc _1)J1 (4)
1.
and the compressor torque is given by
m.c,T,,
T =—- —l ' 5
Sy (#.-1) (5)
where 4 is the compressor isentropic temperature ratio
=1, (6)

Equations (1) and (2) are the compressor maps, and, as defined here, relate the mass flow and
efficiency to the pressure ratio and speed. The mass flow and speed data can, however, be
presented in one of several different forms, and appropriate conversions must be made
depending on the form of the available data.

2.1.2 The Turbine Model

On a turbocharged engine, the compressor is powered by a turbine, which extracts energy
from the exhaust gases. The mass flow through the turbine and the isentropic efficiency are
obtained from

m, = f3(rpt’Nt)’ (7)
and
= f4(rpt’Nt)’ 8)
where
pin
Mot = P )

Note that the definition of the pressure ratio is the opposite to that for the compressor. These
definitions are adopted by convention, in order to obtain number greater than unity in both
cases. The temperature of the gas leaving the turbine is obtained from the definition of the

isentropic efficiency
Tout =Tin 1_77t [1_i] ’ (10)
My

and the turbine torque is given by
_ thpTin:ut

f= O gy, a
t
where g4 is the turbine isentropic temperature ratio
po=r, (12)

Equations (7) and (8) are the turbine maps, and, as defined here, relate the mass flow and
efficiency to the pressure ratio and speed. As for the compressor, the mass flow and speed
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data can be presented in a number of forms and appropriate conversions are required before
using the map data.

2.1.3 The Combustion Chamber Model

The combustion chamber is the most important part of the diesel engine. It is the component
where energy is added to the system and also the component which applies a torque to the
crankshaft in order to drive the load. Diesel engines can operate on either the two- or four-
stroke cycles. In either case, air is inducted into the cylinder and compressed. Fuel is injected
and burnt, increasing the pressure and temperature of the gas in the cylinder, which then
applies a torque to the crankshaft via the pressure on the piston. The exhaust gases are then
expelled from the cylinder and replaced with fresh air.

This is an inherently discrete process, but can be modelled as a continuous process by
calculating only the mean values of the combustion chamber parameters. A diesel engine
approaches this ideal as the number of cylinders increases.

The mass flow through the combustion chamber is given by

— i pinvd ncyl Neng 77v0| (13)

“ 2r Ng ’
where the factor of 27 converts the rotational speed of the engine from radians per second to
revolutions per second, and the density is calculated from the ideal gas equation of state

pin
RT,

n

pin = (14)

The volumetric efficiency is given by
I 1 Pout
——c _ ut 4 411, 15
77vo| rc _1 7(rc _1)( pin 7 j ( )
The exit temperature is obtained from an energy balance as
Tcomb LCVf mf

Tout :Tin + (16)

mCC CV

The torque is difficult to obtain correctly from first principles as is depends on a large number
of factors. As the aim of this model is to examine submarine diesel engines, correct modelling
of the effect of back pressure is important. Although automotive diesels experience some back
pressure from the exhaust pipe and in particular from exhaust after-treatment equipment such
as catalytic converters, the levels are much lower than those experienced by submarine
engines, and the back pressure does not vary in the same way. Some mean value engine
models do not account for back pressure in the calculation of the torque (e.g. [10, 11, 14]), but
others (e.g. [9, 12]) do include it, and Hopka et al. [9] describes the effect of the back pressure
as “highly influential”. Even when the back pressure is included, there is no agreement as to
how this should be done. For example Wahlstrom and Eriksson [12] model the “‘pumping
torque’ (the torque required to pump the air through the cylinder against the resistance due to
the back pressure), as
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\Y
Toump = ﬁ( Pout = Pin ) (17)

This pumping torque is subtracted from the indicated torque and so appears as a loss in the
system. Hopka et al. [9] obtain the “indicated torque’ from an empirical relationship
m;

Tind = blmf + b2 N_ + b3mcc + b4Neng ( pout - pin ) + bST (18)

g in

which includes the pumping losses (note the slightly different definition of indicated torque),
and this is the approach adopted here. The empirical constants can be obtained by a least
squares regression fit to data from either experimental testing or Ricardo Wave simulations of

the engine to be modelled.

2.1.4 Restriction and Heat Exchanger Models

Elements such as filters, exhaust after-treatment, butterfly valves and heat exchangers can
result in a mass flow rate dependent pressure drop as the air flows through them, and are
modelled as restrictions in the flow. In addition, energy can be removed from the flow either
incidentally via heat losses from pipes or deliberately through an intercooler or an exhaust gas
cooler for exhaust gas recirculation systems. This is modelled using the heat exchanger
equations.

An intercooler, which reduces the temperature of the flow but also results in a pressure drop,
can be modelled as a single component by combining a restriction with a heat exchanger in
the same component.

The mass flow through a restriction is calculated assuming a quadratic relationship between

mass flow and pressure drop
m. = ’M’ (19)

where the density is again obtained from the ideal gas equation of state. The exit temperature
of the flow through a heat exchanger is calculated using

Tout = Tin —-& (Tin _Tamb ) ) (20)
where the heat exchanger effectiveness may be either a constant or an empirical function of

the air mass flow. If there is no heat loss (e.g. in the case of a filter), the exit temperature is set
equal to the inlet temperature.

2.1.5 The Control Volume Model

Control volumes represent the ducting between the separate engine components. They have a
finite volume and can therefore store mass and energy. The quantity of stored mass and
energy can be calculated based on the flows into and out of the control volume. The pressure
and temperature of the gas within the control volume can then be calculated from the stored
mass and energy.

The mass stored within the control volume is calculated from the mass conservation equation
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Mg, = Imin - moutdt' (21)
and the energy stored from the first law of thermodynamics
Ucv =J'Hin_Houtdt’ (22)

where the enthalpy flow into the control volume is found from the temperature and mass
flow rate of the inlet air flow

Hin = rhinCpTin' (23)
The pressure within the control volume is obtained from the equation of state
RU,
= -, 24
P = o @
and the temperature from the ideal gas energy-temperature relationship
U cv
= . 25
e @)
The enthalpy flow out of the control volume can then be obtained from
Hout = Ifﬁoutcp-l-cv' (26)

2.1.6 The Shaft Model

Within an engine, shafts transfer mechanical energy between components. They are typically
the crankshaft, which connects the combustion chamber(s) to the load and may also drive a
compressor (in the case of a supercharged engine) and the turbocharger shaft, which, for a
turbocharged engine, connects the turbine to the compressor.

A shaft is modelled using Newton’s second law for rotating components. Friction may be
modelled either as a torque

dN

Tin = Touwt — T = J E’ (27)
or as a loss from the system
dN
kfrrin “Tout < J E (28)

2.1.7 The Engine Control and Fuel System Models

In a general sense, engine control systems may take as inputs a wide variety of parameters,
including engine speed, load, ambient pressure, ambient temperature engine temperature,
boost pressure, exhaust emissions concentrations and many others. These parameters are then
used by the control system to keep the engine operating within set limits, which may include
speed, output power, acceleration, emissions limits as well as many other factors. The most
basic form of engine control for diesel engines is the speed governor, and this is the system
modelled here. The aim of this control system is to maintain a constant engine speed, and it
does so by regulating the mass flow rate of the fuel. This system is particularly useful for
power generation or marine propulsion diesel engines. A similar method can also be used to
model other forms of engine control system.
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The engine control system is modelled as a standard feedback control loop, with a PI
controller. The speed error is given by

€= Neng,setpoint - Neng,actual (29)
and the required fuel mass flow is then given by
M g = Pe+1 [ edt. (30)

The fuel delivery system has a finite response time which is primarily due to the discrete
nature of reciprocating engines, in which a small quantity of fuel is injected in a short burst at
a specific point in the engine cycle. Regardless of the demand from the controller, the fuel
system cannot respond until the next cylinder reaches this point in its cycle. In addition to
this, there are finite limits on the quantity of fuel that can be delivered.

The fuel system is modelled as a saturation to provide upper and lower limits on the fuel mass
flow rate

mf,max |f rhf,max < rﬁf,req
r‘hf,cmd = r‘hf,req If Iﬂhf,min < n.’]f,req < Iﬂhf,max (31)

mf,min If mf,req < n.‘]f,min
and the effect of the discrete injection events is modelled as an integer delay, with the delay

period given by the time between successive cylinders firing
My =27 gy (32)
Simulink allows the use of both continuous and discrete sub-models within the same model,
so that the most accurate model can be obtained for each component. For the model stability
calculations discussed in Section 4.1, the model was linearised at its operating point using the
Simulink Control Design Toolbox. For this linearisation, the Tustin method was used to
approximate the discrete delay as a continuous system
S L4sT /2
ENT

(33)

2.2 Turbocharged Diesel Engine Model

The components described above were used to create a low order engine model of the 11L
inline 6 cylinder turbocharged diesel engine modelled by Hield [1]. The gas path of the engine
model consists of a compressor, intercooler, combustion chamber and turbine, separated by
three control volumes representing the inlet and exhaust manifolds. There are two shafts,
representing the crankshaft and the turbocharger shaft, a control system and a fuel system. A
schematic of the model layout is shown in Figure 4.

The information required for the low order engine model was taken from the Ricardo Wave
model, including the engine geometry and turbocharger maps. The Ricardo Wave model was
run over a wide range of operating conditions, and the resulting data used to obtain the
empirical constants required by the combustion model.
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Figure4  The turbocharged diesel engine model

3. Validation of the Model

The model was validated against results from the Ricardo Wave model described by Hield [1].
Each component was validated individually by providing the component with the inputs seen
by the equivalent component in the Ricardo Wave model, and comparing the component
outputs against those from the Ricardo Wave model. Figure 5 shows the outputs of the
compressor model for both the Ricardo Wave model and the low order model. The
compressor exit temperature predicted by the low order model closely matches that predicted
by the Ricardo Wave model. However the mass flow rate predicted by the low order model is
slightly low, due to small differences in the compressor maps used in each case. This then
causes a slight under prediction of the torque required to drive the compressor. However the
trends in response to the disturbance are captured well by the low order model. Although not
shown here, similar results were obtained for all the other components in the low order
model.

Five whole-engine simulations were used for model validation: a step increase in load; a step
increase in speed; a step increase in back pressure; back pressure variations representative of
sea state 3; and back pressure variations representative of sea state 6. The results are shown in
Figure 6 to Figure 10.
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Figure5  Ricardo Wave ( ) and low order (— — — ) model results for the compressor validation
under sea state 3 back pressure conditions. a) The torque required to drive the compressor,
b) the compressor exit temperature and c) the mass flow rate through the compressor.
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Figure 6 Ricardo Wave ( ) and low order (- — = ) model results for a step increase in load. a)
The engine speed, b) the brake torque and c) the turbine entry temperature.

The validation shows that the low order engine model is capable of replicating the behaviour
of the more detailed Ricardo Wave engine model very well. In particular, the engine speed
and brake torque are accurately predicted for steady state conditions. The predicted turbine
entry temperature is too low for most operating conditions, although the trend is captured
accurately. Figure 6 to Figure 8 show that the response of the brake torque to changes in
operating condition is too quick in the low order engine model, although once again the trend
is captured. These errors are due to the combustion chamber model, which does not fully
capture all the effects of varying the back pressure, and requires further work. Figure 9 shows
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that the engine response to sea state 3 conditions is very well predicted by the low order
engine model, although the model accuracy decreases as the sea state increases with some
higher frequency components appearing in the torque and speed results (see Figure 10). One
interesting feature is that both the Ricardo Wave model and the low order engine model
predict small amplitude high frequency fluctuations in the torque response, probably due to
the governor responding too quickly to the relatively slowly varying engine operating

conditions.

Figure 7 Ricardo Wave (

b)
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~1850 J"\\/
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=1000
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) and low order (— = — ) model results for a step increase in engine

speed. a) The engine speed, b) the brake torque and c) the turbine entry temperature.
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Figure 9  Ricardo Wave ( ) and low order (= = — ) model results for sea state 3 back pressure
conditions. a) The engine speed, b) the brake torque and c) the turbine entry temperature.
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Figure 10 Ricardo Wave ( ) and low order (- — — ) model results for sea state 6 back pressure
conditions. a) The engine speed, b) the brake torque and c) the turbine entry temperature.

Although not shown here, it was found that the low order engine model results were
extremely sensitive to small changes in the turbocharger maps used as inputs to the model
(see Sections 2.1.1 and 2.1.2). Turbocharger maps cannot be determined theoretically and must
be measured. The data therefore contains a small amount of scatter, and a polynomial surface
must be fitted through the data in order for it to be used in a Simulink model, which requires
evenly spaced data points on a rectangular grid. There is a large number of possible data fits,
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depending on the order of the polynomials used, and the choice of polynomial can
significantly affect the results of the low order engine model. Thus care must be taken when
choosing the data fit for the turbocharger maps.

4. The Effect of the Governor Gain Settings

The low order engine model was used to investigate the effect of varying the engine governor
gains on the ability of the control system to reject imposed back pressure disturbances. The
model was run for a wide range of values of P and I, and the system performance was
evaluated at each point. Several measures of system stability and performance were
calculated, and the results are discussed in this section.

4.1 System Stability

Two common measures of relative stability of a linear system are the phase and gain margins.
The phase margin is defined as 180° plus the phase angle of the open loop transfer function at
the gain crossover frequency (the frequency at which the gain is unity). The gain margin is the
reciprocal of the gain of the open loop transfer function at the frequency where the transfer
function phase angle is -180° [15, 16]. For stable engine operation, both the phase margin and
the gain margin (expressed in dB) must be positive.

The low-order diesel engine model contains several non-linear terms and so needed to be
linearised before the phase and gain margins could be calculated. This was done using
Simulink’s Control Design toolbox. Although the linear approximation to the model would
vary significantly over the whole operating range of the engine, this paper is concerned with
the operation of the engine as a generator. Thus the engine is only operated at a single
operating point. The applied sinusoidal back pressure disturbance causes the engine
operating point to move away from that for the steady state, however it has been confirmed
that this does not significantly change the linear approximation to the model. In each case, the
simulation time at which the model was linearised was chosen such that the calculated
stability was conservative.

Figure 11 shows the variation of the system phase margin as a function of P and I, with the
variation in gain margin over the same range shown in Figure 12. The model predicts stable
engine operation over a very wide range of both P and I, which may be varied by several
orders of magnitude (note the logarithmic scales used for the P and I axes).

When both P and Iwere set to low values it was not possible to run the model. This is because
the controller gains are too low for the system to respond to disturbances sufficiently quickly
to keep the engine operating parameters within an acceptable range. A step change in the
engine load, for example, would cause the engine to stall as the engine speed would drop too
far before the fuel flow increased to compensate for the increased load. This region has been
marked as having insufficient gain. For low I but larger values of P, the model predicts stable
operation up to a threshold of P = 0.2 above which the phase margin rapidly decreases and
unstable behaviour is predicted. Within this band of P values, I can be reduced to zero
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without affecting the stability of the system. For low P but larger values of I, stable behaviour
is predicted, which gradually becomes unstable as I is increased further. The value of I at
which instability sets in increases as P increases. At the centre of Figure 11 is a large region
representing the values of the controller gains P and I for which the model predicts that the
engine will respond to back pressure disturbances in a stable manner.
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Figure 11 The system phase margin stability indicator as a function of P and I
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Figure 12 The system gain margin stability indicator as a function of P and I
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The threshold P value appears to be independent of the value of I. The unstable behaviour in
the region is due to the delays inherent in the fuel system. For a six cylinder 4-stroke engine
operating at 1800 rpm, one cylinder fires every 1/90t of a second. Thus, even if the controller
detects an error in the engine speed, the fuel system is incapable of responding until the next
cylinder fires, thus introducing a delay of up to 1/90t of a second. The speed error may grow
during this time, and a large proportional gain will produce a large corrective action when the
cylinder does fire, potentially leading to an overcorrection and thus unstable behaviour. The
threshold I value is due to the delay introduced by the integration of the error signal. The
significance of this delay increases as I increases relative to P, and thus P cannot be reduced to
zero for any value of I.

The theoretical stability point of the linearised system is independent of the sea state
conditions, as the varying exhaust back-pressure is treated as a disturbance into the system
and not a change to the closed loop control system structure. Therefore, the results above are
presented independent of the sea state condition. However, while the system may be stable
for a given operating point, for large disturbances on the system (such as varying exhaust
back pressure under high sea state conditions) the response of the engine parameter may still
be undesirable (or even unacceptable). Under excessive disturbance conditions the validity of
the linearised system may also be affected. For these reasons the transient response of the
system to disturbances as the PI control gains are varied also need to be investigated.

4.2 Sea State 3 Disturbance Response

Sea state 3 conditions were represented by a sine wave back pressure disturbance
superimposed on the mean back pressure. The amplitude was 6.25 kPa (corresponding to a
significant wave height of 1.25 m) and a period of 7.4 s. The peak-peak speed variation for sea
state 3 conditions is shown in Figure 13. Contours are plotted over the stable region of the P-I
space. As the task of the engine governor is to maintain a constant speed, the amplitude of the
speed variation provides the primary measure of the controller performance. This is close to
zero over most of the stable region, although there is a ridge of severe speed fluctuations
along the line of P ~ 10I. The amplitude of the speed fluctuations reduces gradually as P and I
are moved away from this line, in some areas requiring a variation of P or I by up to two
orders of magnitude before the amplitude is reduced to zero.

A second performance metric is the peak-peak variation of the cylinder exit temperature (see
Figure 14). This follows a similar pattern to the engine speed fluctuations, although adjusting
has progressively less effect to the left of the line P = 101. Also, the peak-peak variation of the
cylinder exit temperature remains significant over the whole range of stable values of Pand I.
Thus, with a speed governor as the sole means of controlling an engine subject to fluctuations
in the back pressure, it is possible to reduce but not completely eliminate the cylinder exit
temperature fluctuations.

The maximum cylinder exit temperature is shown in Figure 15. This performance metric
follows a pattern significantly different from the fluctuations in engine speed and cylinder exit
temperature, and can be split into two distinct regions. To the left of the line P = 101, the
maximum cylinder exit temperature is independent of I, but strongly dependent on P,
decreasing with increasing P. To the right of this line, the maximum cylinder exit temperature
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is approximately constant at its minimum value, and is independent of both P and I. There is
only a small region close to the line P = 10 where the value of I has a significant effect.
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Figure 13 The peak-peak variation in shaft speed (rpm) as a function of P and 1, for sea state 3
conditions
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Figure 14 The peak-peak variation in the cylinder exit temperature (K) as a function of P and I, for sea
state 3 conditions
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Figure 15 The maximum cylinder exit temperature (K) as a function of P and 1, for sea state 3
conditions

Other performance measures are also possible, and, although not shown here, the peak-peak
variation in the turbocharger shaft speed was also considered. This showed very similar
behaviour to the peak-peak variation in the engine speed, although the minimum value was
significant, at ~20,000 rpm peak-peak. This is due to the pressure ratio across the turbine being
directly affected by the back pressure disturbance, and not directly controlled by the engine
speed governor.

The stability and performance parameters can be used to impose further limits on the range of
acceptable values of P and I. This allows trade offs to be examined and the optimal values
selected when tuning the controller gains. Although a system is stable for positive phase and
gain margins, it is usual to allow a safety factor to keep the operating point well away from
the stability boundaries and to compensate for modelling errors. In this case, a phase margin
of 45° and a gain margin of 20 dB have been selected. Regions for which the phase and gain
margins are below these values are highlighted in Figure 16, in light green and light blue,
respectively.

Similar boundaries can also be placed on the performance measures. The region for which the
maximum temperature is more than 20 K above the optimal operating point has been
highlighted in red on Figure 16 as a region to avoid when tuning the controller. Similarly, the
region for which the peak-peak speed variation exceeds 25 rpm is highlighted in green, and
the region in which the peak-peak temperature variation is more than 20 K higher than the
optimal operating point is highlighted in orange. This leaves the area highlighted in dark blue
as the preferred region for setting the P and I control gains. This is quite a large area, covering
almost two orders of magnitude for I and three orders of magnitude for P. Figure 13 to Figure
15 show the controller performance improves as both P and I are increased, although for
sufficiently high values of P and I, further increases have only a minimal effect. Figure 11 and
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Figure 16 show that the limiting factor on the maximum values of P and I is the system
stability.
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Figure 16 The limiting stability and performance metrics over the region of allowable values of P and
I, for sea state 3 conditions. Colours indicate the limiting parameter which makes operation
undesirable at certain values of P and I. Preferred region (wmmmmm), gain margin limited

(mmmmm), phase margin limited (: ), maximum temperature limited (wmmmm), amplitude
of temperature fluctuations limited ( ) and amplitude of speed variations limited
( )-

4.3 Sea State 6 Disturbance Response

Sea state 6 was investigated using the same approach as applied in the previous section for sea
state 3. The amplitude of the back pressure disturbance was 30 kPa (corresponding to a
significant wave height of 6 m) and a period of 10.3 s. The results are shown in Figure 17 to
Figure 20. Comparison of Figure 17 with Figure 13 shows that the increase in sea state has
only a marginal effect on the shaft speed variation, increasing the range of values of P and I
over which low amplitude shaft speed variations occur, but not affecting the values of P and I
for which the maximum shaft speed variations occur, or the amplitude of those variations.
However, comparison of Figure 18 and Figure 19 with Figure 14 and Figure 15 shows that the
increase in sea state results in an increase in both the exhaust temperature variation and the
maximum exhaust temperature. In particular, while the maximum temperature increases
almost uniformly over the whole range of P and I values, the amplitude of the temperature
variation does not. Figure 18 shows the increase in sea state resulted in an increase in the
temperature variations for low values of I that was much larger than that for high values of I.
This shows clearly that tuning the governor gains for a single sea state based on the engine
shaft speed variation alone may not produce optimum performance overall.

The resulting preferred region (blue) for selection of control parameters shown in Figure 20 is
clearly smaller than that presented in Figure 16. As previously discussed, there is no change in
the stability region as this limit is independent from the disturbance. However, the change in
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engine response due to the increase in the amplitude of the applied disturbance results in a
more constrained preferred operating region.
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Figure 17 The peak-peak variation in shaft speed (rpm) as a function of P and 1, for sea state 6
conditions
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Figure 18 The peak-peak variation in the cylinder exit temperature (K) as a function of P and I, for sea
state 6 conditions

While occurrences of snorting in sea state 6 conditions is not likely to be common, it is still a
plausible condition that the submarine will have to be able to support. For simplicity of
design, implementation and operation it is not desirable to have different control gains for
different operating conditions. Luckily, in this case the preferred region for the higher sea
state condition is simply a sub-set of the lower sea state condition. Therefore, by selecting
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control gains within the preferred region of the worse case sea state, the conditions for all
required sea states can be met.
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Figure 19 The maximum cylinder exit temperature (K) as a function of P and 1, for sea state 6

conditions
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Figure 20 The limiting stability and performance metrics over the region of allowable values of P and
I, for sea state 6 conditions. Colours indicate the limiting parameter which makes operation
undesirable at certain values of P and I. Preferred region (wmmmmm), gain margin limited
(), phase margin limited (: ), maximum temperature limited (wmmm—m), amplitude
of temperature fluctuations limited ( ) and amplitude of speed variations limited

( ).
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5. Conclusion

Matlab/Simulink has been used to create a low order model of a diesel engine, which was
then validated against a more detailed Ricardo Wave engine model. The engine control
system consists of a speed governor which monitors the engine speed and varies the fuel flow
with the aim of matching the engine speed to the set speed. The speed governor was
implemented using a PI controller. An exhaust back pressure disturbance was applied to
simulate the engine operating conditions for a snorting submarine. The model structure
allows any engine architecture to be modelled simply by rearranging the sub-models
representing the engine components.

The model was used to examine the engine behaviour for different values of the controller
gains P and I, with a back pressure disturbance representative of sea state 3. Stable engine
behaviour was predicted over a very wide range of values of both P and I, and both can be
adjusted by several orders of magnitude while still allowing the engine to operate
successfully. However, there were significant variations in engine performance over this
range and with a poor choice of the controller gains, large fluctuations in the engine speed,
turbocharger shaft speed and cylinder exit temperature will occur, along with excessively
high maximum cylinder exit temperatures. The results show that a good choice of P and I can
reduce the engine speed fluctuations effectively to zero, and significantly reduce the
maximum cylinder exit temperature. For the engine modelled in this paper, this is achieved
by increasing both gains as much as possible, while being mindful that increasing the gains
too far will lead to instability. Optimising the controller gains to minimise the engine speed
fluctuations also minimises the cylinder exit temperature fluctuations, the turbocharger shaft
speed variations and the maximum cylinder exit temperature.

The control system examined here only targets engine speed. Although it is possible to
eliminate the fluctuations in engine speed with this control strategy, it is not possible to
eliminate the fluctuations in cylinder exit temperature. In addition, the value of a performance
metric which is insignificant for particular values of P and I at one sea state may be significant
at another. Thus it is important to tune the engine based on all important performance
metrics, and to do so for all sea states for which the engine is expected to perform
satisfactorily.

The key conclusions from this work are therefore as follows:

1. for a speed governed engine, with the control system implemented using a PI
controller, the engine exhibits stable behaviour over very wide ranges of both the
proportional and integral gains;

2. itis possible to tune the controller in such a way as to effectively eliminate engine
speed fluctuations due to back pressure disturbances;

3. tuning the control system to focus on minimising speed fluctuations may, or may not,
also minimise the cylinder exit temperature fluctuations (for the engine described in
this paper, there is a large region for which the speed variations are minimised, but the
cylinder exit temperature fluctuations are only minimised over a small part of this
region); and
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4. even at the optimal control point, a PI controller based on speed error alone still
results in significant temperature variations due to exhaust back-pressure
disturbances. This effect cannot be simply tuned out. A different control structure is
required for reduced engine temperature variations.

It should be noted that the results presented in this paper only apply to the engine modelled
here, and other engines may respond differently to changes in the controller gains. This paper
describes a technique for optimising engine performance in response to back pressure
fluctuations by tuning the controller parameters. In order to apply this technique to another
engine, a validated model of that engine is required.
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