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ABSTRACT

A state space model of a marine power genera-
tion system consisting of two synchronous generators
powered by diesel engines is presented. Special care
has to be taken for such systems with the lack of
a fixed network frequency and voltage. The model
is developed and presented in a compact vector form
suitable for control theory purpose. A nonlinear con-
trol law is derived compensating for the nonlinear
generator dynamics. The control objective is stabi-
lization of busbar voltage and frequency during large
load changing. The nonlinear controller takes care of
the generator speeds, and an additional PI-controller
adds integral action for the voltage. Two simula-
tions are performed comparing the nonlinear control
law between exact plant modelling and reduced plant
modelling by neglecting fast dynamics. The simula-
tions showed good performance for a total load step
change of 50%. The speed and voltage drop were less
than 5%.

Keywords: Marine power generation, nonlinear
control, modelling and simulation

1 INTRODUCTION

The electrical power demand for marine applica-
tions has increased heavily the last decades, mostly
due to the increased use of electric propulsion sys-
tems for ships. Installed power typically range from
10 - 100 MW for different kind of ships, and the con-
figuration of the electrical systems also varies with
type of ship and manufacturer. One common fac-
tor for all the ships with electric propulsion is that
the power production is split-up in several smaller
units. This is due to safety and economical reasons.
The main advantages with such systems compared
to conventional systems are fuel saving, high relia-
bility, high flexibility with engine room arrangement
and simplified maintenance [1].

Special purpose vessels with dynamic positioning
(DP) and thruster assisted mooring will often expe-
rience highly varying thruster loads which may lead
to difficulties with power generation control. Syn-
chronous generators are highly nonlinear when it
comes to large load variations and with PID con-

trollers for voltage and frequency some instability
problems may occur and trip the circuit breakers.

Nonlinear control of power generation system has
been a subject of interest for many years and the
use of feedback linearization is well known [6]. Also
nonlinear control of multimachine systems has been
considered [5].

However most interest has been paid on Single-
Machine Infinite Bus systems (SMIB) as in land-
based installations. For marine power system a lack
of external network complicates the frequency con-
trol (no synchronizing network frequency). Also for
marine systems several generation units (typically 4-
8 units) are working in parallel. All these interacts
with each other, which may yield power oscillations
between them. Hence a supervisory multivariable
controller would be appreciable. The contribution in
this paper is presenting a compact state space model
of a power generation system with no infinite busbar
as in marine power systems. This model is written
in a compact vector form for control purpose. Then
a nonlinear control law is suggested and tested by a
simulated example.

Outline of the paper: In Section 2 the state space
model of two generators supplying a common load
is presented. In Section 3 a nonlinear control law
is derived. Simulation results are shown in Section
4 and finally some concluding remarks are drawn in
Section 5.

2 PLANT MODEL

The system to be modelled consists of two syn-
chronous generators powered by diesel engines and
supplying a common load. An aggregate load model
is used, specifying total active (P:y) and reac-
tive (Q¢ot) power and hence compute an equivalent
impedance. For simplicity only constant impedance
model is used in this paper, but other load models
such as constant power may also be included.

Other work on nonlinear power control mainly con-
centrates on landbased installations with controlling
a single machine connected to an infinite bus sys-
tem. The well known generator models are then used
with a fixed network-frequency and voltage as input.
When modelling a marine power system there is no



fixed network frequency and voltage, these are de-
pendent on the load and the other generators. In
this paper well known models for each component
are used, and following the derivation in [4] a com-
pact state space model in vector form is proposed.
This is done to make use of more advanced control
theory, which often assumes mathematical models in
a certain frame. The disadvantage with writing the
models in such abstract terms is that the basic elec-
trical terms disappear in the equations.

There are usually more than two generators in a
marine power system and the modelling below is not
fixed to a specific number. One generator is used as
a reference when it comes relative power angles. The
power angle of this reference generator is computed
by the load equations. At the end an overall state
space model is presented in vector form with two
generators as an example.

2.1 Synchronous generators

A 37¢ order nonlinear state-space model based
upon [2] is used for each of the synchronous gener-
ators. All the variables and parameters are defined
below.

Definitions:
States:
Aé; : Relative power angle referred to
gen. no.l[rad].
Q; : Shaft speed [pu].
u:ﬂ» :  Voltage proportional to field current [pu].
Inputs:
ug; : d-axis terminal voltage [pu].
ug @ qg-axis terminal voltage [pul.
0y : Shaft speed gen. no. 1 [pul.
Q; : Shaft speed of the other generators [pu].
Tmmi :  Mechanical shaft torque [pu].
ug; @ Field voltage [pu].
Outputs:
iq; @ d-axis stator current [pu].
igi @ g-axis stator current.|[pu].
Qq; :  Shaft speed [pu].
P; : Active power [pu].
Q; : Reactive power [pu].
Parameters:
wy : Nominal electrical angular
frequency [rad/s].
T, @ Mechanical time constant [s]. T, equals
Q,,ef%p/, where J is the total inertia.
fri : Friction coefficient [pul.
D; : Damping coefficient [pu].
T, : Field winding time constant [s].
xg; : d-axis reactance [pu].

x, ¢ d-axis transient reactance [pul.

Tgi g-axis reactance [pu].

ZTapi @ Mutual reactance between field
winding and armature winding [pu].

ry; @ Field winding resistance [pul.

State equations in per unit:

A(SZ = (UN(QZ' — Ql) (13.)
. 1
Q= fﬂ[Tmi —Tei — ZDij(Qi — Q) — fisy]

J#
(1b)
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g = o[t — (Tai = wg)iai + uari] (1c)

doi

Algebraic equations:

’ Ugi

Ugp; = a;f,l R qlmf”“”’ SRS (2)
Tei = igi[Tapitri — tai(Tai — Tqi)] (3)

. 7 ! .
Tafilfi = Ug; + (Tai — Tg;)iai (4)

2.2 Diesel engines

The medium speed diesel engine is modelled as a
1% order model [3].
o = o (T + 2) (5)
m TDE m
where T, is mechanical shaft torque [pu], Tpp is
diesel dynamic time constant [s] and z is fuel-pump
index [pu].

2.3 Load modelling

The modelling of loads and modelling of the in-
terconnection of the different generators are done by
algebraic equations and with reference to the phasor
diagram in Figure 1. The basic idea is to add vecto-
rial the current outputs from the generator models
and compute the busbar voltage from the specified
load characteristic, e.g. a constant impedance in this
case. The load equations are given below:

(7 +2) = ()" ©
/ Prot + jQtot

* denotes complex conjugate.

I, = /@'EM + igie—j(%—&) (7)

where ¢, = arctan(ig; /ig;).

iqrs = Iisin(¢; + 61) (8)
igr;s = I;cos(p; +61) (9)

Gditot = D oy idlis  lqltot = D ey iqli (10)



Figure 1: Phasor diagram showing transformation of
current unit i to the d-q frame of unit 1.

Ugl = Tidltot — Tlqltot (11a)
Uq1 = Téqltot + -I'Z'dltot ( )
U = yfudy +ud, (11c)
61 = tan’l(udl/qu), 6; = Ab; + (51( )

(1le)

Ugy = Ue SIN(0;),  Ugi = Ue cOS(8;)

2.4 Vector form

In this section a compact state space model of
the whole system with two synchronous generators
is presented.

Define: x = [Ql,u;ﬂ,Aég,Qg,ugg,Tml,ng]T,
Ue = [Udl, Ugl, Ua2, Uge]T, W =[z1,uf1, 20, use] Tand
w=[rp,zz]

Synchronous generators:

. T9 1
i = _aluglx_l + azugluggw—% (12a)
—ana1 + a4y + argze (12b)
. 1
To = agugzw— — o329 + bogusg (12C)
1
T3 = —ag1T1 + ag4Ts4 (12d)
. T
Ty = —a1u93—5 + agug3ugs—5 (12¢)
Ty Ty
+a41T1 — @444 + ag77 (12f)
. 1
&5 = A3Ugs— — 5575 +bsqus  (12g)
4

Diesel engines:

Tg —ageTe + be1uy (13a)
Tr —arrxr + braug (13b)
where:
_ 1 _ =z
ap = —— agy = agy = —24—
! :E:,Ta, 2 55 mfiT(;o
as = 2qoy a3 = agy = w
2 Tuzgz) 31 = G434 N
Td—T, _ _ _
asi% age = ary = bgr =
d~do
— — D+f _ _1
an = ag = BF by =
D . Laf
a1y = a4 = = bag = byy = —2L-
14 = Q41 T{l 22 = D54 = T
a1 = 47 = 7=
are positive parameters.
Load module (algebraic equations):
Ug1 = wlidltot - w2iq1t0t (14&)
Ug2 = Walgitot T W2ldltot (14b)

_ LU
ug3 = \/ugy + upysinfzs + tan l(u—g;)](MC)
g
Ugy = \JuZy + uZycosfrs + tanfl(Z—g;)KMd)
9

where:
) ) ) - . 4,0
Tqlter = 1Iq1 + \/232 +222 sin[tan 1(%)
q
+tan 1 (=2)] (15)
Ug2
) ) ; ) 1,44
Qgltot = g1+ /0% + 232 cos[tan 1(ﬁ)
q
+tan™ (=2L)] (16)
Ug2
where:
) u
i = aw—o-L2 (17)
€1
ugl
= — 18
1q1 23:1 (18)
) u
ld2 = 01905*C1i4l (19)
74
. Ug3
= —= 20
iq2 22, (20)

where ¢; = 1/z, and ¢y = 1/,

Nonlinear state-space model

x = Ax+f(x,ug)+Bu (21)
u, = P(x,w,uy) (22)

where @ is an implicit equation given in component
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Figure 2: Block diagram showing model structure
and control strategy.

form by (14), and

B — Q@11 0 0 aiq 0 ale 0
0 —azy O 0 0 0 0
—agz) 0 0  aas 0 0 0
A = aqq 0 0 —aiq 0 0 a7
0 0 0 0 —ass 0 0
0 0 0 0 0 —ase 0
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and
_ ©s 1 -
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1
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0
0

The control objective is regulation of:

y = [$1,$4,‘|Cug“2}T,
1 0 0 0
01 0 0

C = 0 0 0 0 (23)
0 0 0 0

3 NONLINEAR CONTROL

Figure 2 shows the model structure and how the
nonlinear controller is implemented. There are basi-
cally two non-linear terms, f(x, u,) which reflects the
generator dynamics, and ug = ®(x, w, u,) which re-
flects the interconnection of the generators and the
load modelling. The second nonlinearity is highly
sensitive to modelling errors mostly due to the cho-
sen load model strategy.

Uu
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A
+ T U,
A L g B d)(x?w?u_t]) —
. t
_l’_
A il
_l’_
«
f(x7ug) P
Nonlinear
Controller

In this paper a control strategy only compensating
for the non-linear term f(x,u,) is considered. The
linear part of the system can be stabilized by using
linear theory if the nonlinear part is cancelled out by
the controller.

Since the model contains dynamics between fuel
index and shaft torque (diesel engine), the B matrix
has only zeros in row 1 and 4. That is, there are no
inputs which can directly cancel out the nonlinear
terms f; and f;. This can be solved by using the shaft
torque to cancel out the nonlinearity. The following
derivation is equal for both generators.

5
T = Zaljiﬂj + fl (X7 ug) + ai16T6 (24)
j=1
choosing:
ai66 = — f1(X, ugy) (25)

compensates the nonlinear term. Thus
. 1 .
e = ——f1 = —aeere + be1ur (26)

This yields:

1 1 .
u = — (agere — — f1) (27)
aig

be1

Equation (27) is perfectly solvable but the expres-
sion gets quite complicated. However, the diesel en-
gine time constant (<1s.) is much faster than the
synchronous generators time constants (typically 1-
10s.). For simplicity the diesel engine dynamic is
neglected when computing the nonlinear control law.
This should have no major impact on the results, and
the derivation of the controller is highly simplified.
In the simulations, however, the diesel dynamics is
included in the plant model itself showing the effect
of neglecting this in the control law.

3.1 Reduced order model

The system is reduced to a fifth-order system by
removing the diesel dynamic states, that is @4 =
27 = 0, such that:

g — —Ul —=Up (28)
aee

Ty — —Uu3z3 —=us (29)
arr

The subscript r denotes the reduced order model
such that x, = [, 22, 23,24, 75]7. The matrix A,



is computed by removing the last two rows and last
two coloums from A and f,. = [f1, f2, f3, f1, f5]".

The model is then transformed such that the ori-
gin is the desired working point. This is done by
selecting the new states as X,.= x,—Xq, where xg is
the current working point. This yields:

X, = A, (X, +x0) + (X, +%0,u,) + B,u  (31)

3.2 Nonlinear control law

The control law u is selected as:

u = Bl[—fr(iTero,ug)
—Kx,—Kjv — A, x¢] (32a)
v o= % (32b)

where Bf = BT (B,BI)~! is the pseudoinverse of
B., and K is a proportional gain matrix and Kj is
an integral gain matrix. The system is then reduced
to the linear error dynamics.

% = (A -K)% -Kv (33a)
v o= % (33h)

where K and Ky can be chosen by pole placement.

Hence X, converges to zero. Finally the bus
bar voltage |/u2, +uZ, is controlled by using a PI-
control law, see outer loop in Figure 2.

Only two of the states are directly measured,
which necessitates the need for a state observer. The
states are assumed available in this paper, but for fu-
ture work the impact of introducing an observer will
be investigated.

4 SIMULATION STUDIES

Simulations were performed with the control law
(32). The matrices K and Ky were chosen as:

2 0 0 0 O
00 0 0 O
K = 00 2 0 0
0 0 0 2 0
0 0 0 0 O

03 0 o 0 0

0 0 0 ©0 0

Ky = 0 0 03 0 0

0 0 0 03 0

0 0 0 0 O

The control law (32) stabilizes the states X, to zero.
However when a disturbance enter the plant in form
of a total load change in either active or reactive
power or both, only the speed of the generators and
the voltage should remain constant, the other states
would necessary have to change. By choosing the
matrices as above only the generator speeds and the
relative power angle are forced to be controlled, the
other states will naturally follow due to the power
balance and the system physics.

As simulation case a step in total active power load
(Ptot) at time 10s from 1pu to 1.5pu, and a step in
total reactive power (Qo:) at time 40s from Ipu to
1.5pu.

Two simulations were performed, one with reduced
model as the plant and one with the full model as the
plant. The load is shared equally between the two
generators. Figures 3 and 4 show the results.

5 CONCLUDING REMARKS

A nonlinear state space model was derived for a
marine power generation system with two diesel gen-
erators supplying a common load. This model was
written in a compact vector form and a nonlinear
control law was found for stabilization and distur-
bance rejection. To investigate the behavior of the
nonlinear control law a simulation case with large
steps (50%) in the disturbance signals, total active
load and total reactive load. Two simulations were
performed comparing the performance for an exact
model with a model with neglected fast dynamics.
As expected the performance was excellent with an
exact plant model. Even with neglecting some dy-
namics the performance was satisfactory with only
a frequency drop at about 2% and voltage drop at
about 5%, which is quite good considering the large
load steps. This means that the controller shows a
certain set of robustness.

REFERENCES

[1] Ist International Conference on Diesel Electric
Propulsion - a Cost Effective Solution. Norwegian
Society of Chartered Engineer, 1996.

[2] J. Arrillaga and C. P. Arnold. Computer Analysis
of Power Systems. John Wiley and Sons Ltd.,
1990.

[3] T. I Fossen. Guidance and Control of Ocean Ve-
hicles. John Wiley & Sons, 1994.

[4] J. F. Hansen, A. K. Adnanes, and T. I. Fossen.
Modelling, simulation and multivariable model-
based predictive control of marine power genera-
tion system. Proc. of the IFAC Conf. on Control
Appl. in Marine Systems, CAMS 98, Fukuoka,
Japan. Oct., 1998.

[5] Q. Lu and Y. Sun. Nonlinear stabilizing control
of multimachine systems. IFEFE Transactions on

Power Systems, 4(1):236-241, 1989.

[6] W. M. A. Zajaczkowski. Multivariable non-linear
controller for a synchronous generator. Opti-
mal Control Applications and Methods, 15:49—65,
1994.



Speed and voltage response
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Figure 3: Speed (wy, wg) and voltage (U,) versus time response for a step in power load with the nonlinear
control law. (-) reduced order plant model, (- -) full plant model.

Power output from generator 1 and 2
08 [———— - e

0.7

0.6

P andP [pu]

0.5

08 e

07 |

06 -

Q andQ [pu]

0.5 —

04 ! ! ! ! ! ! J

Time [s]

Figure 4: Active power (P;) and reactive power (Q;) versus time, from the generators. (-) reduced order plant
model, (- -) full plant model.



