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ABSTRACT

Aiming at the non-linearity of state equation and observation equation of SSP (Siemen Schottel Propulsor) propulsion
motor, an improved particle filter algorithm based on strong tracking extent Kalman filter (ST-EKF) was presented,
and it was imported into the marine SSP propulsion motor control system. The strong tracking filter was used to update
particles in the new algorithm and produce importance densities. As a result, the problems of particle degeneracy
and sample impoverishment were ameliorated, the propulsion motor states and the rotor resistance were estimated
simultaneously using strong track filter (STF), and the tracking ability of marine SSP propulsion motor control system
was improved. Simulation result shown that the improved EPF algorithm was not only improving the prediction
accuracy of the motor states and the rotor resistance, but also it can satisfy the requirement of navigation in harbor.

It had the better accuracy than EPF algorithm.
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INTRODUCTION

Marine podded propulsion is the new type of marine electrical
propulsion system which has the advantages of simple
structure, reliable operation and convenient maintenance, etc.
But, the propulsion motor is more sensitive to load variation
and external disturbance, such as thrust ripple, the cogging
effect and nonlinear factors which have great influence to the
end effect on tracking precision due to the marine podded
propulsion system has no intermediate bearing and other
transmission mechanism [3]. At present, the research of the
propulsion motor control mainly focused on the areas of
integral backstepping control [13], direct torque control [5],
feedback linearization control [1], the sliding mode control
[16],decoupling control [6], hybrid control method [2] and
vector control [11] and so on, they have in common is that in
view of the torque and flux linkage for independent control, so

4 POLISH MARITIME RESEARCH, S1/2015

as to realize the linearization of the propulsion motor control.

In addition to utilize the advanced control method for
the SSP propulsion motor speed sensorless control system,
the accuracy of motor parameters is also the main factor
which influence the control performance. However, the SSP
propulsion motor in the process of running, parameters will
be changed with the conditions and sea condition which shows
the time-varying, when the fixed parameter model are utilized
for calculating, the errors will be introduced inevitably, and
the control performance will be degraded [15]. Therefore,
the online identification of motor parameter has become
the popular research, the motor parameters can be obtained
by utilizing the constraints to simplify the model structure
and reduce the measuring variables among the researches.
Also the motor parameters can be identified by utilizing the



model reference adaptive [4], observer estimation [7], artificial
intelligence algorithm [8].

In addition, it is the key to the control system design for
the marine electric propulsion system that the problems of the
unknown rough sea conditions as well as the speed estimation
in extremely low speed and zero speed [17]. Therefore, it need
to be able to estimate the motor speed, at the same time, load
torque, rotor flux motor parameter and the speed of the near
zero for the parameters estimation method of the SSP control
system. In paper [5], the direct torque control of permanent
magnet synchronous motors without speed sensor is achieved
through precisely estimating the stator flux linkage and rot
or speed, and indirectly, the torque by means of the extended
Kalman filter. Retaining the advantages of direct torque control
method in rapid torque response and strong robustness, the
system has significantly reduced ripples of flux linkage and
torque. Besides, the effects of motor parameter variations and
load disturbance are reduced.

Extended Kalman filter (EKF) is a novel filtering method of
the nonlinear systems. However the traditional EKF method
due to the partial linearization to transfer function and
the measure function, can not adapt the serious non-linear
situation; Moreover, derivate matrix of nonlinear function can
not be carried out by utilizing the partial derivative [10], so its
divergence has aroused much attention. The particle filter is an
algorithm based on Monte Carlo methods. Its theory can be
used in any non-linear and non-Gaussian state space models.
R. V. Merwe brings forward the UPF (Unscented Particle Filter,
UPF) algorithm [9] in which UKF (Unscented Kalman Filter,
UKEF) [12] was used to get more popular proposal distribution
function so that the covariance of importance weights was
reduced in the year of 2000. However, the EPF algorithm
is realized by first order local linearization to the system
equations based on Taylor series, the proposal distribution
have bigger truncation errors, it results in the decrease of
filtering precision, but it has the advantage of the relatively
small amount of calculation. The UPF algorithm is realized
by utilizing the UKF to get the importance of the particle filter
function, although the accuracy can markedly be improved,
but it has the disadvantages of too big amount of calculation
and poor real-time performance.

The strong tracking extended Kalman particle filter
algorithm (ST-EPF) is proposed in this article. The ST-EKF
algorithm are utilized to update the particles in this algorithm.
It is easy to cause the deviation of estimation even the
phenomenon such as divergence, poor robustness, especially
when it will lose the ability to mutation status tracking during
it reaches steady state because of the controller word length
and memory restrictions of the traditional EPF algorithm. The
particle samples are processed by the ST-EKF algorithm in the
ST-EPF algorithm, and the importance density are generated,
the particle degradation and sample impoverishment problem
can be relieved, their ability to mutation status tracking can
also be improved and it can satisfy the mobility performance
of the marine podded propulsion control system better.

THE PARTICLE FILTER BASED ON ST-EKF

PRINCIPLE OF ST-EKF

Time update equations

Bevw = q)kn,kPch:n,k +0, (1)

Measurement updates equations:

K= Pk+1kakT+1[Hk+1Pk+|,kaT+1 + R,y ]7] (2
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The time-varying fading factor \,, are introduced by
the orthogonality principle in strong tracking filtering, the
prediction error covariance P, are adjusted, the gain
matrix K, | are controlled real-time, it makes the residual
sequence of different time everywhere maintain orthogonality
of orthogonal or approximate, the ability of the filter to track
state changes is improved, it has a strong robustness and
anti-interference ability, and the computational complexity is
moderate. The equation (3)was simlified to the following form:

Pk+l,k = LMD(k + l)q)k+l,kq)k,kq)z+l,k +0, )

Where, LMD(k+1)=diag|2.,,A%,. 4., ] is the time-
varying fading matrix, 4\, =2 1,i =1,2,---n is the time-varying
fading factor K, = 1)1(+l‘kHIZ'+l[Hk+II:;c+I,kH[+l + Ry ]_] Itis
determined by orthogonal principle. To simplify the simulation
which can be obtained by the method of literature, in the
subprime:
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Where, tr (o) is the sum of the diagonal matrix, N,  and
M, ,, are derived for the approximate orthogonal residual at
different times, they have no specific physical meaning. V, |
is the output sequence of the mean square error matrix, it is
calculated as follows:

. 7/171Tv k=0 ©)
! |:ka+7k+17/kT+1:|/(1+p)’ k21

Where, 0 < p < 1is the residual sequence of forgetting factor,
B = 11is the selected weakening factor.

THE IMPROVED PARTICLE FILTER
ALGORITHM

(1) Initialize with( k = 0):
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Draw the states xO(i) , p(xo) , assign the particle a weight
w =1/N i=12--N (10)
RN (11)

PO - E[(xoa) ~50)(x,0 -5 ” (12)

Where: w is the initial weights of support points, %, is the
initial value of the fixed state estimation, P is the initial value
of matrix square-root of the state covariance.

(2) Importance Sampling( k = 1,2,...):

We can get =, 7{) by using the ST-EKF algorithm for
each particle x‘f_)

X = SED (13)

B = 4 0 B + O (14)

K =B H " (HP B H" +R")" (15)
¥ =30+ K (z, —h(x) ) (16)

ﬁk(i) _ [[ —KkH,f,l)]P(l)

hok-l (7)
Where: z,_is the observed vectors that are dealt with by the
ST-EKF, Qisthe covariance matrix of the system noise series,
R is the covariance matrix of the observed noise series which
is dealt with by the ST-EKF.
We get proposal distribution function:

@) | () =) pi)
g (3 [xh 1z ) = N (50, B0 (18)

The proposal distribution function makes use of the new
observations, the sampling precision of particle was improved.
We can get the new particles {x}" drawn from x{” ® q( Dx_ zl:k)

(3) Update and normalize the weights

Update:
M) _ p(z, /xkl))p(xkl)/x(l)

w
= Wia
(i) |,.()
Q(xk Xok— 1521/()

(19)

Normalize the weights
WO = w3 ) (20)
(4) Resample
Resampling generates a new partlcle set by sampling from
{x;",z =12 N} with J. Pr{ ) = *[c'} fi .Herej is the particle index

after resampling.

The weight are reseted: w) =1/N .
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(5) Update state

x(k/k)= Zxk 21)

It can be obtained from the step (2), )?/((’) and P,(:) are
respectively mean and covariance through the calculation
of ST-EKF. These handled observation vectors of particles
reflect new prior with smaller covariance than former so that
we can get more popular proposal distribution function, the
covariance of importance weights has been reduced.

MODEL ANALYSIS OF MARINE SSP
PROPULSION MOTOR CONTROL SYSTEM

The semi-submersible vessel ,,Kangshengkou” full electric
propulsion system of Cosco is to be the research objection, the
hardware of the control system was composed by the Siemens
Simotion D, Sinamics, the upper computer and so on, the
software of the control system contains Winccflexible, Step7,
Scout and Matlab. This research was established in the basis
of hardware-in-loop simulation of the SSP propulsion system
which was based on the formal work [14], problem description
is as follows:

Electromagnetic torque of the SSP propulsion is

2
T :3_pw_ra)\ (22)
2 R

Where Te is electromagnetic torque, P is the number of
magnetic poles, Rr is the rotor resistance, yr is the rotor flux
valid values, - is the given slip angular frequency, w
is the setting siip angular frequency. The rotor flux is the
setting value actually (Li et al., 2011), Te is proportional to
the 7, :sgn(a))K—'zsta)2 .

The friction torque of SSP propulsion system Tf is

T, =sign(w)T, +k,o (23)
Where w = 2nn/60, n is propeller speed, Ts is the static

friction torque, k  is the linear friction coefficient.
The motion equation of the SSP propulsion system is

‘;‘t‘) }(T ~Fo-T,) (24)
%‘tgz (25)

Where J is SSP moment of inertia, Tm is the load torque.
The dynamic model of SSP propulsion system is

T =K, (J) pD’nl|n| (26)

F =K. (J) pD*nln|-(1-7) (27)

P, =27znT, = K, (J)-2mpD°n’ (28)
oW, (v.0)

Where 7, (i,.i,.i,.0)= P ST i_ is thrust deduction
coefficient, i, is wake fraction, the value can be obtained



by ship’s manual, Tp is propeller torque, Fe is propeller
effective thrust, p is density of water, D is propeller diameter,
KT(]) is torque coefficient of dimensionless, KF(]) is the
thrust coefficient of dimensionless, KT(J)and KF(J) are the
function of ], they can be obtained by the propeller working
characteristic curve. During stable sailing in the sea, the ratio
of propeller is a constant value, it shows that propeller will
work on the speed ratio of the characteristic curve.

SIMULATION AND RESULTS

The marine SSP propulsion motor control system was
established under the Matlab/Simulink environment, the propeller
model was realized by utilizing the S-function. The simulation
parameter of propulsion motor was based on “Kangshengkou”, as
follows: power rating = 4700 kW, rated voltage = 660V, rated speed
=155 r/min, rotor permanent magnet flux linkage = 4.55 Wb,
rated torque = 1185 KN-m, stator resistance = 1.632 m,number
of motor pole = 8, inductance of d axis = 0.25 mH, inductance of
q axis = 0.47 mH.

When ship navigation in harbor at 130 r/min, it needs to
manoeuvre the vehicle frequently, the simulation analysis was
carried out on this working condition. The simulation timeis 1 s,
the initial speed is 130 r/min, at the beginning of the simulation,
the motor load torque is 240 KN-m, at the time of 0.5 s the speed
was changed to 110 r/min. At the same time the sea condition
suddenly changes, which at the beginning, the motor load torque
is 240 KN-m, at the time of 0.36 s propeller load torque changes
to 220 KN-m. The simulation results about the control method
of SSP propulsion motor based on vector control with EPF and
ST-EPF composite algorithm are shown as Figure 1- Figure 6.
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Fig. 1. Speed curve based on EPF
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Fig. 2. Speed curve based on ST-EPF
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Fig. 3. Torque curve based on EPF
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Fig. 4. Torque curve based on ST-EPF
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Fig. 5. Stator flux based on EPF
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Fig. 6. Stator flux based on ST-EPF

The simulation results show that: When ship navigation in
harbor and with the rough sea, under the two control modes,
speed up smoothly, and the speed changes slightly after the
torque of the propeller load changes but back then. The system
reaches the given speed 130 r/min after 0.36 s and propeller

POLISH MARITIME RESEARCH, S1/2015 7



load changes in 0.36 s, the controller, torque and current have
a corresponding response by the ST-EPF. It can be shown that
the SSP propulsion system based on ST-EPF composite control
has the lower speed fluctuation, smaller steady state operating
static error and better dynamic response ability than which
based on EPF.

CONCLUSIONS

In this paper the ST-EPF control algorithm was introduced
into the sensorless vector control of marine propulsion motor
control system, the orthogonality principle was introduced to
the tracking process of control system, the gain matrix was
controlled real-time, the track state mutation ability of the filter
was improved. The simulation results show that the ST-EPF
observer for the control system has good robustness, especially
to the changes of the system parameter, the adaptability of
measurement noise and system noise are superior to the EPF
observer, the EPF observer error problem of poor robustness
of the model was better solved, the marine podded propulsion
motor flux and speed can be estimated accurately.
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