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Abstract Diesel engine is inherently an unstable machine

and requires a reliable control system to regulate its speed for

safe and efficient operation. Also, the diesel engine may

operate at fixed or variable speeds depending upon user’s

needs and accordingly the speed control system should have

essential features to fulfil these requirements. This paper

proposes a mathematical model of a marine diesel engine

speed control system with droop governing function. The

mathematical model includes static and dynamic character-

istics of the control loop components. Model of static char-

acteristic of the rotating fly weights speed sensing element

provides an insight into the speed droop features of the speed

controller. Because of big size and large time delay, the turbo

charged diesel engine is represented as a first order system or

sometimes even simplified to a pure integrator with constant

gain which is considered acceptable in control literature. The

proposed model is mathematically less complex and quick to

use for preliminary analysis of the diesel engine speed con-

troller performance.

Keywords Speed droop � Governor � Damping factor �
Time delay

Notations

K1 Speed sensing element gain constant

K2 Hydraulic power amplifier gain constant

Ke Turbocharged diesel engine gain constant

Ks Speeder spring stiffness, N/m

L1 Lever length of right, mm

L2 Lever length of left, mm

Ne Engine speed, rpm

Nref Engine set speed, rpm

T Temperature of lubricating oil

T1 Time constant of diesel engine combustion

T2 Time constant of firing delay

a Distance from flyweight fulcrum to flyweight centre

m Mass of flyweight, kg

z Speed sensor clutch displacement, mm

xn Natural frequency, rad/s

l Viscosity of lubricating oil, m2/s

/ Pre-tension of spring, mm

Introduction

Prime mover speed governing is essentially a control

function and therefore its design, analysis and synthesis is

based on standard control engineering principles. The

speed controller (governor) design could be based either on

proportional (P) or proportional plus integral (P ? I) plus

derivative (P ? I ? D) strategy depending upon the type

of applications. The governors used in marine prime

movers are mostly proportional types which are charac-

terized by an offset error in speed from the zero load rpm

which is also called speed droop. The main reason for using

droop type speed controllers (governors) in marine appli-

cation is the convenience these units offer in electrical load

sharing among various machines when operated together in

parallel [1]. A typical marine diesel engine control system

employing hydraulic activation is shown in Fig. 1.

Despite best efforts, designers rarely succeed in developing

accuratemathematicalmodels of complex system like a diesel
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engine which can truly represent its dynamic characteristic.

Additionally, wear of engine components with age and also

deviations in operating conditions from rated point change the

values of model coefficients which alter the dynamic char-

acteristics and droop settings of the system. It is because of

these limitations that speed governing of modern diesel

engines is often implemented through flexible adaptive con-

trol structures based on simple engine models [2]. In this

paper, a generic mathematical model of the engine has been

projected by splitting into following four main components.

• Mechanical rotating fly weight speed sensing element;

• Hydraulic power amplifying unit;

• Diesel engine kinematics that include all mechanical

moving parts;

• Combustion and fuel injection system including fuel

control valve.

Since the objective of this paper is limited to the anal-

ysis of only the speed control function, a detailed mathe-

matical modelling has been carried out only for the speed

sensing element and hydraulic power amplifier. The kine-

matics and engine combustion process have not been

modelled in greater detail. The diesel engine is treated as a

first order system with time delay and constant gain. The

generic model is intended to be used for developing reli-

able and robust speed control system using more complex

controller algorithms [3].

Methodology: Mathematical Model of Static
Characteristics

Speed Sensing Element

Despite great developments in electronics and digital

technology, rotational speed of mechanical prime movers

are still measured by using rotating fly weights, primarily

because of their excellent safety and reliability records.

Figure 2 shows a typical rotating fly weight mechanism

which is directly connected to the prime mover fuel control

valve for controlling its speed. Since for large prime

movers, where fuel control valves are heavy and cannot be

operated by the small force produced by the rotating

masses, a hydraulic power amplifying unit is connected in

series to provide extra needed power. The static charac-

teristic of the rotating fly weight speed sensing element is

explained in Fig. 2. When the prime mover is stationary,

the action of the restoring spring keeps the fly weights

collapsed in fully inward position.

But as prime mover begins to rotate, the fly weights

move outwards due to the action of centrifugal force and

tend to lift the clutch plate against the compression of the

restoring spring. Hence, the downward acting spring force

is always countered by the upward acting force generated

from centrifugal action of the fly weights. The magnitude

of the spring restoring force, E depends upon the amount of

pre-strain, u and the lift Z of the clutch plate. This can be

expressed as [4],

E ¼ fðu;ZÞ ð1Þ

From Eq. (1), the change in restoring force can be

expressed as,

DE ¼ dE
du

Duþ dE
dz

Dz ð2Þ

Equation (2) establishes a static relationship between

restoring force E and lift Z of the clutch plate at different

speed of the prime mover and is called the characteristic

equation of rotating fly weight speed sensing element.

Figure 3 shows plots of the rotating fly weights speed

sensor characteristics for different values of pre-strain u in

the restoring spring.

Fig. 1 Diesel engine speed control system

Fig. 2 Mechanical sensing element
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Proceeding on a similar approach, the expression for the

supporting force generated by centrifugal action of the

rotating fly weights can be derived. For the purpose of

analysis it is assumed that the prime mover is running at

steady rpm with the angular velocity of fly weights at x
radians per second and the centre of gravity of each fly

weight displaced by distance ‘r’ from the axis of rotation.

The centrifugal force (CF) produced by each rotating fly

weight is then expressed as in [2]

CF ¼ m rx2 ð3Þ

Referring to Fig. 2, the upward component of CF acting on

the clutch plate which counters restoring force E can be

then expressed as [4]

E ¼ 2ða=LÞðm rx2Þ ¼ Ax2 ð4Þ

where A ¼ 2 ða=LÞ ðmrÞ.
Now consider a very small load variation of the prime

mover resulting in a corresponding small change in the

angular velocity. This will cause the fly weights to move

away by a further distance of dr from the axis of rotation.

This small additional radial change dr in the fly weight

position causes small compression of the restoring spring

resulting in an upward movement of the clutch plate by dz.
As the stability of sensing element has been finally

achieved at this new point, a mathematical expression can

be derived by equating work done by the movement of fly

weights and compression of restoring spring.

EdZ ¼ 2ðmrx2Þdr ð5Þ

Substituting for E from Eq. (4) in Eq. (5) as, Ax2dZ ¼
2ðmrx2Þdr it is rearranged to

A ¼ 2ðmrÞdr=dz ð6Þ

From Eq. (6), it can be concluded that A = f(z). Hence,

from Eq. (4), the values of Ax2 can be plotted for varying z

values. A plot of the supporting forces Ax2 and clutch lift

Z for different values of angular speed x of the fly weights

is shown in Fig. 4.

The plots of Figs. 3 and 4 can be combined to obtain

steady state positions z of the clutch plate for different

values of x or corresponding engine speed xe as shown in

Fig. 5 where restoring force corresponds to a specific pre-

strain setting u and intersects with corresponding CF force

curve (x = constant) at different points. Projections of

these intersection points on the horizontal axis gives steady

state positions z0 of the clutch for the particular pre-strain

setting of the restoring spring. Accordingly a unique set of

clutch positions z01 � z05 and fly weight speeds x01 � x05

is obtained for the full operating range of the diesel prime

mover.

The plot in Fig. 6a shows fly weight speed sensing

element static characteristic for the constant pre-strained

spring setting of x. In the case of variable speed governors,

the desired variable operating speed of the diesel prime

mover is obtained by changing the pre-strain setting of the

restoring spring during operation. Accordingly, a set of

steady state clutch positions z0 for each pre-strain setting

of the restoring spring is obtained corresponding to dif-

ferent speed x of the fly weights. Plots of variable speed

governor characteristic curves for a set of pre-strained

φ2
φ 3φ4φ5

φ1

Fig. 3 Restoring force characteristics for varying pre-strain

Fig. 4 Restoring force characteristics for varying angular velocities

Fig. 5 Speed sensing element in equilibrium position
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spring is shown in Fig. 6b. These characteristic curves are

used to determine speed droop of the governor.

Diesel Engine Load-speed Characteristics

Figure 7 shows the load-speed characteristic of the diesel

engine. To obtain the load-speed characteristics of the

governor, the steady state characteristics of the speed

sensing element Fig. 6a and the load-speed characteris-

tics of the diesel prime mover Fig. 7 can be matched.

This is shown in Fig. 8. The decrease in diesel prime

mover speed with increase in load and vice versa is

indicated by the load-speed characteristic of the governor

unit.

The drop in prime mover speed from no load to full load

condition in Fig. 8, is the speed droop of the hydraulic

governor unit and this depends on the rotating fly weight

speed sensing element’s static characteristic.

Dynamic Characteristics

Dynamic characterization of the prime mover and speed

control mechanism is a key step in the analysis of engine

overall performance during operation. Dynamic models of

engine and control components are explained here.

Rotating Fly Weight Speed Sensing Element

This mechanism is essentially a basic spring mass damper

system which is modelled from fundamental principles [5].

Referring to Fig. 2 the dynamics of rotating fly weight

system [5] can be written as,

zðsÞ
xwðsÞ

¼ K1

s2 þ 2nxnsþ x2
n

ð7Þ

Equation (7) can be represented in a block diagram as

shown in Fig. 9.

Hydraulic Power Servo Amplifier

Marine prime movers are large high power producing

machines and require large pulling force to operate their

fuel valves. As the fly weights of the speed sensing element

are small the pulling force produced by the centrifugal

action of rotating masses is also small and not sufficient to

operate the heavy fuel control valve. In such prime movers

Fig. 6 Speed sensing element a static characteristics with constant

pre-strain, / and b static characteristics variable pre-strain, /

Fig. 7 Diesel engine load-speed characteristic

Fig. 8 Governor load-speed characteristic
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the rotating fly weight speed sensing device is connected in

series to a hydraulic power amplifying unit, as shown in

Fig. 1. The power amplifier when in open loop configura-

tion is a simple hydraulic integrator but if connected to the

spool valve unit with a position feedback link (Fig. 1) then

the combined unit results into a proportional controller [5].

The power cylinder position output y(s) will therefore be

proportional to the input zðsÞ. The term K2 is the linear

proportionality constant of oil flow with respect to spool

valve displacement and L1, L2 are lever ratios as in Fig. 1.

The block diagram in Fig. 10 shows the simplified block

diagram of hydraulic power servo amplifier.

Diesel Engine Prime Mover

Turbocharged diesel-engine is a complex machine with

many inherent delays, nonlinearities, and time lags because

of which developing its accurate mathematical model is not

always possible. However, despite this difficulty many

linear as well as non-linear models of the diesel engines are

available in the literature which have been mainly used for

engine performance improvements [6, 7]. But fortunately

for the purpose of control system design and analysis a

very accurate mathematical model is not really necessary

and most often a black box type model serves the purpose

[8–10].

Herein, a turbocharged diesel engine has been modelled

as a first order system with a time delay, shown in Fig. 11.

The constant coefficient term Ke can be determined

empirically from operating parameters. To investigate

performance of the diesel engine speed control system,

mathematical models of diesel engine, speed sensing ele-

ment and hydraulic power amplifying unit are linked

together as in Fig. 11. Assuming drive gear ratio as unity,

the reduced open loop transfer function of the combined

system clearly indicates that the overall system is type zero

fourth order and hence its speed response to a step load

change will be oscillatory during the transient period.

However, this will finally settle to steady state with an

offset error to characterize droop governing.

The model can be represented by the equation

NeðsÞ
NrefðsÞ � NeðsÞ

¼ K1K2KeL2

ðs2 þ 2nxnsþ x2
nÞfðL1 þ L2Þsþ k2L1gfT1T2s2 þ ðT1 þ T2Þsþ 1g

ð8Þ

The design data of all constants in Eq. (8) can be acquired

from governor and engine manufacturers and used to

simulate the system using either MATLAB or any other

suitable software code. Alternatively the block diagram of

Fig. 11 can be also simulated using MATLAB-SIMULINK

for performance analysis.

Simulation Study

As the firing order time delay in multi-cylinder high speed

diesel engines is very small, the engine can be modelled as

a first order system without causing appreciable error in the

overall result [8]. Hydraulic servo is also an approximation

to a pure integrator. Taking these two factors into account,

the open loop transfer function of the diesel engine com-

bined with governor becomes a fifth order system as shown

in Eq. (8). As no real engine data could be obtained from

the engine manufacturer, simulation study on the revised

model was carried out using data from [8] and the engine

data are tabulated in Table 1.

Results and Discussion

Data from [8] has been used in the simulation to test the

mathematical modelling approach. On substituting engine

data, the coefficient of the fifth order term in the transfer

Fig. 9 Block diagram of speed sensing element where damping

factor n ¼ fðm;l;T) and natural frequency xn ¼ fðmksÞ

Fig. 10 Block diagram of hydraulic power servo amplifier

Fig. 11 Overall diesel engine governing system [5]

Table 1 Engine data

Characteristic Value

Type 4-stroke, 16 cylinder, V-type, diesel engine

Speed 1200 rpm

Power 1500 kW

Fuel pump Jerk type

Governor Hydraulic, variable speed with droop
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function was found very small and so this term was

neglected leaving the plant model a type-zero fourth order

system. The stability of the engine-governor model has

been investigated through frequency response and root

locus plots against variation of open loop gain [5]. Open

loop gain was varied by altering the stiffness of the speeder

spring in the range from 1300 to 3500 N/m.

Bode plot results in Fig. 12a–c indicate gain and phase

margin of the governor speed control system improves

while increasing the speeder spring compression from 2000

to 4000 N/m. This is expected as increase in the speeder

spring compression reduces system open loop gain and thus

gives a higher value of the gain and phase margins.

This result was also verified through root locus plot.

Locations of open loop poles and zeroes indicate that the

two dominant poles lie in the negative half S-plane, close

to the origin. The remaining two complex poles have large

negative real parts, reflective of a fast oscillatory decay of

the engine transient response. This is verified with the

computed step responses in MATLAB SIMULINK as

shown in Fig. 13a–d.

Increasing spring stiffness from 1300 to 3500 N/m

resulted in complex poles moving away from the real axis,

indicative of increasing oscillatory response. As seen from

Fig. 13a–d the computed and simulated responses are

consistent. However, for all cases, the response is seen to

settle within a reasonable period of 4 to 7 s and compares

well with real generator response time during sudden load

change as projected in Gant [3].

The proposed mathematical model can be used to simu-

late engine speed control performance, both, in mechanical

as well as electrical load applications. The validation of the

model is further elaborated by studying the case of two

shipboard generators running in parallel load sharing oper-

ation. Both generators are three-phase, 440 V 60 Hz rated at

1500 kW running at 1200 rpm and run by diesel engines.

In such operating modes, differing droop characteristics

of speed controllers make individual generator units load

share inversely proportional to their droop [11–14]. The

load sharing among different diesel generators (D/G) fitted

with droop type governors and connected in parallel mode

to a mini-grid will involve investigation of real as well as

reactive powers so that the effect of droop change on

voltage variation can be observed. However, to simplicity

simulation in this research, the Auto Voltage Regulator

(AVR) is assumed to be fully decoupled from the fre-

quency control system and the generator voltage remains

constant. The results of real power sharing between both

generators from Gant [8] are shown in Table 2. Herein, the

Open Loop Gain has been varied by only altering speeder

spring constant but it also depends on many other factors
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Fig. 12 Bode plot of engine-governor model: Bode diagram

a Gm = 17.9 dB (at 12.5 rad/s), Pm = 63.9� (at 2.66 rad/s);

b Gm = 18.5 dB (at 11.2 rad/s), Pm = 59� (at 2.53 rad/s);

c Gm = 19.5 dB (at 9.43 rad/s), Pm = 50.6� (at 2.28 rad/s)
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like governor drive gear ratio, lubricating oil viscosity,

governor power piston lever ratio etc. Generally shipboard

generators operate within droop limits of 5 to 6% and

governors of main propulsion diesel engines operate within

8 to 10%. This range of droop setting could be achieved

during simulation by setting gain values in the range of

10 to 15 as seen from the results. The gain setting of 25 has

been used by Gant [8] with 4% droop, and in addition to

speeder spring setting, changes in oil viscosity also has

been considered.

The result in Table 2 shows both generators share load

in the inverse proportions to their individual droop and as

expected run at the same speed. The actual speed differ-

ence between both generators was found to be less than

1 rpm at this loading condition which is well within speed

measuring errors of shipboard power generating units.

Load sharing result matches with actual behaviour of

shipboard generators during parallel running.

Conclusion

Mathematical models of a speed control system of marine

turbocharged diesel engine has been described from the

first principle. Both the static as well as dynamic charac-

teristics of the speed sensing and hydraulic power unit have

been modelled. The turbocharged diesel engine has been

modelled as a simple first order system with time delay,

which is considered satisfactory for the purpose of speed

control analysis of a large diesel engine.

The proposed model is simple and handy for preliminary

investigation of diesel engine speed control system perfor-

mance. The static characteristic model of the rotating fly

weights (speed sensing element) gives a clear insight into the

droop characteristics of speed controller and also the variable

speed operation of the engine. Simulation results from the

proposedmathematicalmodel show consistent performance.
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