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Abstract: To improve the operating performance of electric propulsion ships, the permanent magnet
synchronous motor is commonly used as the propulsion motor. Additionally, position estimation
without sensors can further improve the application range of the propulsion motor and the estimated
results can represent the redundancy of measured values from mechanical sensors. In this paper,
the high-frequency (HF) injection algorithm combined with the second-order generalized integrator
(SOGI) is presented on the basis of analyzing the structure of the electric propulsion ship and the vector
control of the motors. The position and rotor speed were estimated accurately by the approximate
calculation of g-axis currents directly related to the rotor position. Moreover, the harmonics in the
estimated position were effectively reduced by the introduction of the second-order generalized
integrator. Then, the rotor position estimation algorithm was verified in MATLAB/Simulink by
choosing different low speeds including speed reversal, increasing speed, and increasing load torque.
Finally, the correctness of the proposed improved high-frequency injection algorithm based on the
second-order generalized integrator was verified by the experimental propulsion permanent magnet
synchronous motor (PMSM) system at low speed.

Keywords: electrical propulsion ship system; permanent magnet synchronous motor (PMSM);
high-frequency (HF) injection algorithm; second-order generalized integrator (SOGI); at low speed

1. Introduction

The electric propulsion ship has the advantages of compactness, environmental emission reduction,
economic fuel consumption, and superior reliability, which constitute an important developing trend
of the green ship in the future. The selection of propulsion motor and control method, which are
key technologies in the electric propulsion ship system, is considerable [1]. Currently, the propulsion
motors used on electric propulsion ships are mainly the direct-current motor, the asynchronous motor,
and the synchronous motor. The permanent magnet synchronous motor (PMSM) has been widely
used in the electric propulsion ship system due to its small volume, high efficiency, high power density,
and fast dynamic response [2].

The propulsion motor works in harsh environments with high humidity, high salt, high
temperature, and vibration. These rough sea conditions can affect the ship’s heel and trim and
cause traditional mechanical position sensors on the motor shaft to exhibit low reliability, a short
life, and low accuracy [3]. However, accurate rotor position must be obtained in real time to achieve
closed-loop control during motor operation. Therefore, the PMSM’s position sensorless technology in
the propulsion motor control system is necessary [4].

Up until now, many position sensorless methods, such as direct calculation [5], back electromotive
force (back-EMF) [6], extended Kalman filter (EKF) [7], the model reference adaptive system (MRAS) [8],
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and the sliding mode observer (SMO) method [9], have been widely used to estimate the rotor position
of the PMSM. However, the above algorithms were all based on the motor’s fundamental waves
and could only be used to estimate the rotor position at medium and high speeds [10]. At low
and zero speed, fewer fundamental waves make the estimated position unavailable or showing low
accuracy [11]. At present, the high-frequency (HF) injection algorithm is the main method to estimate
rotor positions according to the physical salient pole of its physical structures or the salient pole formed
by saturate inductance [12]. In the PMSM, the HF injection algorithm is insensitive to motor parameter
changes and can obtain accurate rotor position and speed at low and zero speed [13]. However, the HF
injection algorithm’s information process is very complex at medium and high speeds [14]. Therefore,
at present, the HF injection algorithm can only be used to estimate the rotor position of the PMSM at
low and zero speed [15].

During the position estimation based on the HF injection method, the low-pass filter is applied to
filter out the HF signals. However, in the actual system, the nonlinearity and digital control of inverters
introduce many harmonics. The low-order digital filter has a poor filtering effect and the high-order
filter causes a large deviation in the phase angle of the obtained signal. The application of the digital
filter increases the calculation and the complexity of the system [16]. Therefore, the second-order
generalized integrator (SOGI) technology began to develop. The SOGI is a tool used to select or
eliminate specific frequency harmonics, and it can work as both a band-pass filter and a band-stop
filter. It is used in different axes with different roles to eliminate the position estimation errors [17].
In [18], the SOGI was applied to estimate a motor’s medium-to-high speed and it has been successfully
applied in the nonlinear compensation of inverters. An improved self-sensing control strategy of a
surface PMSM based on HF pulsating current injection using SOGIs was presented in [19], and it was
verified in the 1.5 kW surface PMSM self-sensing drive, but the motor was not used experimentally in
the whole control system. Although SOGI use has not been discussed much for low speed, the SOGI
could be considered for application in the HF injection method by referring to the medium-to-high
speed estimated method.

The sensorless control technology has been developed for the single motor, but studies on any
applications to whole control systems in electric propulsion ships are limited. Therefore, we took the
three-phase PMSM commonly used in electric propulsion ships as an example and analyzed the HF
injection sensorless control method at low speed by combining the structures of the electric propulsion
ship system with the basic principle of motor vector control. The improved HF voltage injection
algorithm based on the SOGI was adopted to obtain accurate rotor position and speed by estimating
g-axis currents. Moreover, the introduction of the SOGI reduced the harmonics during the estimation.
The algorithm was verified in MATLAB/Simulink by simulation. Finally, an experimental PMSM setup
in an electric propulsion ship system was built to verify the validity of the proposed position sensorless
control strategy.

2. Model of the Electric Propulsion Ship System

2.1. System Description

The PMSM was used as the prime motor to drive the propeller in the electric propulsion ship
system. The propeller propels the ship forward by the ship hull; this principle is shown in Figure 1. It
can be seen that the propeller input is motor speed and ship velocity, and the load of propulsion is the
ship hull driven by the propeller and the load is impacted by the ocean environment [20].
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Figure 1. Relationship of ship, motor, and propeller.

The thrust P and torque T} of the propeller can be expressed as follows:
P = Kppn?D* )
Ty = Kmpn?D?

where p is the sea-water density and p = 1025 kg/m?; D is the diameter of the propeller and the unit is
meter; 1 is the speed of the propeller and the unit is r/s; and Kp and Ky are thrust coefficient and torque
coefficient, respectively, and they are both the function of the advance ratio J. After the completion of
the ship construction, the relationship between | and Kp, Ky can be determined by the open water
experiment of the ship.

During the operation of the ship, due to the interaction between the hull and water, a wake is
generated, which makes the difference between the advance velocity of propeller v, and the actual
forward velocity of the ship vs. Therefore, the effective thrust P. and torque T7, after considering the
increase of the resistance caused by the water absorption of the propeller can be expressed as follows:
Pe = (1-t)K'ppn?D*

{ T = K/ManDS (2)
where t is the thrust deduction coefficient and t = %.

When the ship is in motion, the motion equation of its propeller system can be expressed as
follows:

dog

(M +AM)—* = Pe~R 3)

where M is the mass of the ship and the unit is kilogram and AM is the mass of the water attached to
the ship moving with the ship during movement and usually 5%-15% of the total mass of the hull is
taken as the value.

The main factors affecting ship resistance are ship speed, ship type, and environmental conditions
(wind, wave, current, etc.) during the operation [21]. When the ship type is determined, the resistance
of the ship is only related to the speed of the ship under certain external navigation conditions. The

expression is as follows:
R=rv 4)

where 7 is the resistance coefficient and z is the index, and when the ship speed is low, z = 2.

2.2. System Mathematical Model

The PMSM is the main power supply in the electric propulsion ship system, whose performance
determines the stability and safety of the whole ship system. We took the three-phase PMSM as
propulsion motor, and the mathematical model in the d-g coordinate system is as follows [22].
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The equations of stator voltage are the following;:
. d
ug = Reig + g = wiq
L dig ®)
Uq = Rsiq + 37 + wpg

The equations of stator flux linkage are the following:

d = Y+ Laig

{wa (6)
¥q = Lqiq

The equation of electromagnetic torque is the following:

3 . . 3 . .
Te = 3np(Waiq = Yqia) = S1p[Ymiq + (La ~ Lq)idig] @)
The dynamic equilibrium equation is the following:

Te—TL—Bw:%(;—C: ®)
where u is voltage; i is current; L is inductance; 1 is flux and the subscripts d and g represent d-axis and
g-axis; Te is electromagnetic torque; Y, is flux produced by the permanent magnet; 1, is pole pair
number; R is stator resistance; B is damping coefficient; | is moment of inertia; and w is mechanical
angular velocity.

3. Principle of the High-Frequency Voltage Injection Algorithm Based on the SOGI

The PMSM’s vector control principle is shown in Figure 2. In the traditional motor control, the
closed-loop speed control can be achieved by mechanical sensors on the motor shaft to obtain the
rotor speed and position. On the other hand, in the position sensorless control system, the rotor speed
and position are obtained by calculation and the mechanical sensors are cancelled. The HF voltage
injection algorithm means injecting the HF voltage into the input voltage port of the motors, where
the frequency is 0.5~2k Hz far above the fundamental frequency of motors. Then, the currents are
detected and processed to obtain the rotor salient-pole position and speed.

. U
n [ u u 2
e e TP o -
+ . o 4 SVPWM [ Inverter
-1, =0 op
o=
_ Uy

i i la

9 |dq S I

I |— I H

d /ap P | /sl lc

Figure 2. Vector control system of a permanent magnet synchronous motor (PMSM) applied in ships.

Thus, Equation (5) can be rewritten as follows:

ug | | Rs+Lagp —wL iq 0
= e 1 L <9>
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where p is the differential operator.

Figure 3 shows the relationships among the different coordinates. It can be seen that « — fis a
two-phase static coordinate system; d-q is a two-phase rotary coordinate system; d — 4 is the estimated
two-phase rotary coordinate system; 6, is the actual rotor position; 0; is the estimated rotor position
and the deviation is AO = 6, — 6.

q A d
; d
‘ a
(@]

Figure 3. Relationship between the three coordinate systems.

After injecting the HF voltage, which is far above the fundamental frequency, the impact of the
permanent magnet flux linkage on HF voltage can be ignored. Thus, Equation (9) can be changed as

follows:
Ugq | Rs + Ldp 0 id - Zd 0 id (10)
ug |~ 0 Re+Lgp |lig] | 0 Zq | i

From Figure 3, the transformation matrix from the d-q coordinate system to the d — § coordinate
system can be expressed as follows:

(11)

T(AQ)_[ cos(A0) Sin(AG)]

—sin(AB) cos(AD)

Thus, the estimated voltages are as follows:

vl Joron 5 2]l 5 8 roe] 3] o

=

Equation (12) can be transformed and the estimated currents can be obtained as follows:

=

q

L —-AZ2|  AZsin(20)  Z+AZcos(20) || igq

Zq

=

q

The injected HF voltage is as follows:
[ d ] _ Um[ cos(wj t) ] (14)

q 0
The estimated currents in d — § coordinate are as follows:

S D

U cos(wjt)
2 _ 2AZsiZn2(_2%§) N ' (15)

{ 'lrd _ 2(Z—AZ cos(2A06))
97 T 22oAZZ

U, cos(wjt)

where Z =74 +2q, A2 =Zq - Zq.
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For the HF inductance, the resistance is small enough and can be cancelled. Thus, Equation (15)
can be simplified as follows:

A 2(wiL—w;AL cos(2A0)) " sin(a)it) _ sin((uit)) (L _AL COS(ZAQ))

ig = —_
d (w;L)*=(w;AL)? w;(L2-AL2

2 _ 2w;ALsin(2A0)) . 4\ _ _uisin(wit) .
9= oD (@Al u; sin(wjt) = —a)i(Lz—ALZ)AL sin(2A0))

(16)

when A@ = 0, there is a deviation value in i4. It can be seen from the property of the sine function,
fq o« A, and if AG — 0, fq — 0. Therefore, the estimated rotor position can be converged to the real
value by processing the §-axis currents [23]. Then, the d-axis and g-axis estimated currents can be
transformed by three-phase currents. The HF components of the g-axis estimated currents are obtained
by bandwidth filters and are then multiplied by the modulating signal sin(w; t). The input of the
regulator can be obtained by low-pass filter, which is shown in Figure 4. When A0 is small enough,
sin(2A60) = 2A6, and

u<hAL uihAL
F(AB) = ! 2A0) x ————2A0 17
(80) = Sz — Az SR80 ~ S i A7)
i sin(at) — o,
i, —» d '
A dq —»
g —> |
i, — »AB L BPF K > LPF > PI .,l_PFTgr

Figure 4. Estimation process of rotor position.

The basic structure of the SOGI is shown in Figure 5. It can be seen that the SOGI is formed by
two second-order generalized integrators, which can have output signals that are orthogonal to each
other and do not delay [24]. Equation (18) shows the transfer functions of the three system outputs, y,
Y2, and y3. Among them, the role of y; is to eliminate the harmonics of frequency w, the role of y; is to
extract the harmonics of frequency w, and the frequency of y3 is w and it is orthogonal to vy, [25].

v 2 +a?

B Sz+1;<(;1}55+a)2

X T Ptkwsta? (18)
vs 2

X

— kaw
52 +kws+w?

@]
v

X + : +X _
_Aé - A J

@

(o 1n]

Ys

»

Figure 5. Basic structure of the second-order generalized integrator (SOGI).

The improved position observer structure combining the SOGI and HF injection is shown in
Figure 6. The rotor position observer includes two components, I and II. The input of part I is the
estimated g-axis voltage. The output y, is the HF voltage component in the estimated g-axis, which is
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used to extract the HF component in the input g-axis voltage. we is the frequency of the HF signal to be
extracted. When the HF component 7, is multiplied by the HF cosine modulation signal cos(wp, t) of
the same phase, it enters part II. The input of the modulated value u” is the value after modulation 7gy
and cos(wp, t), and the output y; is the rotor position error information f(A6), which is used to suppress
the harmonic of a specific frequency, so as to extract the rotor position information accurately. In the
control, the filtering effect and response speed should be weighed to determine the parameter values.

cos(m,t)

£.(A0)

!

Figure 6. Principle of the improved position observer structure.

4. Simulation Analysis

The theoretical speed range that the HF injection algorithm with the SOGI can estimate accurately
is 10 r/min to 300 r/min. Therefore, we chose different speeds to verify in the simulation. The rotor
position estimation model of the PMSM and the whole electric propulsion ship system were built in
MATLAB/Simulink according to the vector control principle and the HF voltage injection algorithm
with the SOGI. The required motor simulation parameters are shown in Table 1.

Table 1. Parameters of the PMSM.

Symbol Quantity Values
1p number of pole pairs 2
R stator resistance 1.51 Q)
Lq winding inductance 0.0048 mH
Lq winding inductance 0.0134 mH
)i rotational inertia 0.000244 kg.m?
B damping coefficient 0.0002517
Y rotor flux 0.1073 Wb
Uge direct voltage 380V
P rated power 1kW

The motor starts with Ty = 2 Nm and the initial speed # = 50 r/min. Att =1 s, the speed jumps to
100 r/min; at t = 1.5 s, the speed jumps to 150 r/min; and at ¢t = 1.75 s, the speed reverses to —150 r/min.
At n =150 r/min, the given load jumps to 4 Nm at ¢ = 0.5 s in the second simulation. The simulation
waveforms are shown in Figures 7-9.

Figure 7 gives the waveforms of the d-axis and g-axis currents. The g-axis currents are related to the
torque and estimated rotor position and they fluctuate with the changes of speed from Figure 7b. It can
be seen in Figure 7d that the changes of the g-axis currents agree with the changes of the torque, which
conforms to theoretical analysis. In addition, the current on the d-axis is near zero from Figure 7a,c.

Figure 8 displays the waveforms of rotor speed. It can be seen from Figure 8a,b that actual speed
and estimated speed are very close during the steady operation. There are large deviations only at the
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start, at the moment of load change and speed change. As seen in Figure 8c, the deviations are close to
zero. Furthermore, at n = 50 r/min, the ripples are at 0.4%, at n = 100 r/min, the ripples are at 0.5%, at
n = 150 r/min, the ripples are at 0.53%, and at n = -150r/min, the ripples are at 0.67%. In the second
simulation with torque changes, the speed can also be estimated accurately from Figure 8d—f.

1
_os |
<
= Mm (lH M‘H\ (UMt \\u il M M il
it HH ‘\ \\ il \‘H‘M ‘H ‘ \‘ \\\\‘\ \‘M H H “HHHH\‘
0 0.5 1 15 2
t(s)
(a)
151
< 10
T 05
0
0 0.5 1 1.5 2
t(s)
(b)

I4 (A)

1y (A)
_—

0 0.2 0.4 0.6 0.8 1

t(s)
(d)

Figure 7. Waveforms of currents in d-axis and g-axis: (a) d-axis current with speed changes; (b) g-axis
current with speed changes; (c) d-axis current with torque changes; (d) g-axis current with torque changes.
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Figure 8. Waveforms of rotor speed: (a) actual rotor speed with speed changes; (b) estimated rotor
speed with speed changes; (c) errors between actual rotor speed and estimated rotor speed with speed
changes; (d) actual rotor speed with torque changes; (e) estimated rotor speed with torque changes;
(f) errors between actual rotor speed and estimated rotor speed with torque changes.
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Figure 9. Waveforms of rotor position: (a) actual rotor position with speed changes; (b) estimated rotor
position with speed changes; (c) errors between actual rotor position and estimated rotor position with
speed changes; (d) actual rotor position with torque changes; (e) estimated rotor position with torque
changes; (f) errors between actual rotor position and estimated rotor position with torque changes.

Figure 9 are the waveforms of rotor position. It can be seen that actual position and estimated
position are very close and the estimated position slightly lags behind the actual position from
Figure 9a,b,d,e, and there is a large deviation only when the rotor runs a full circle, which is shown
in Figure 9¢ f. In the other operation stages, the errors are in the range of 0.05 rad to 0.2 rad from
Figure 9¢ f.

A comprehensive simulation model of the electric propulsion ship system is constructed by taking
the output torque of the propeller model as the load torque of the PMSM and the motor speed as the
input of the propeller model. When the propulsion motor is started, the given speed is 100 r/min. At
t =3 s, the speed jumps to 170 r/min. The estimated rotor position and speed are taken as feedback
signals during operation and the waveforms of the propulsion motor speed and torque are shown in
Figure 10. At the beginning, the motor is in an accelerated state, and the output torque of the propeller
model, namely the load torque of the propulsion motor, increases with the increase of the rotating
speed. After about 0.5 s, the speed stabilizes at 100 r/min. At that time, the load torque of the motor
starts to decrease and gradually stabilizes. After 3 s, with the re-acceleration of the motor, the load
torque also begins to increase. Until the propulsion motor runs stably at 170 r/min, the load torque
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began to decrease and finally stabilizes. The results show that the HF injection position estimation
strategy can be applied to the whole ship system.

t/s
(a) (b)

Figure 10. Waveforms of propulsion motor speed and torque: (a) propulsion motor speed; (b) propulsion
motor torque.

From the above simulation waveforms, it can be seen that the HF injection algorithm based on the
SOGI can estimate the rotor speed accurately within acceptable deviations. Furthermore, the whole
electric propulsion ship system can also operate normally with the sensorless control strategy.

5. Experimental Analysis

To further verify the accuracy of the proposed HF injection algorithm based on the SOGI, the
diagram of the system hardware structure and the experimental setup of the electric propulsion ship in
the laboratory are shown in Figure 11, in which the TMS320F28335 DSP was adopted as the digital
controller. The experimental motor parameters are the same as the simulation parameters. The speed
is obtained by speed sensors; the currents are obtained by the current probe and displayed on the
oscilloscope; the torque is calculated according to the measured currents.

inverter circuit £

Udﬁ 4 @ ffi [ PMmsMm
i

encoder

voltage isolated current
sensing drive sensing
circuit circuit circuit
JL ﬁ @ encoder
TMS320F28335 Minimum system circuit —— conditionin
g circuit

(b)
Figure 11. Cont.
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Detection circuit of
currents and voltage

drive circuit

(©)

Figure 11. Experimental setup of the PMSM: (a) system hardware structure; (b) experimental PMSM;
(c) control circuit.

The experimental waveforms of rotor position and speed are shown in Figure 12. The actual
position is measured by mechanical sensor and the estimated rotor position is obtained using the
calculation from the HF injection algorithm with the SOGI. It can be seen that the estimated values
fluctuate within a certain range around the actual value.

T I T

actual position

estimated positi

R WRLEANRRAL

estimated speed
150 r/min

speed (10 rpm/div) position (45° / div)

T

leunhm

PR T S S S PR

t (800ms/div)

Figure 12. Experimental results of rotor position and speed.

To sum up, the HF injection algorithm based on the SOGI can estimate the rotor position and
speed accurately at low speed in the experimental PMSM and it is applicable in the PMSM system.

6. Conclusions

It is inevitable that the electric propulsion ship will replace the traditional diesel engine propulsion
ship, and it is significant to study the control method of the propulsion PMSM in the electric propulsion
ship system. The HF injection position estimation algorithm based on the SOGI is proposed on the
basis of analyzing the structure of the electric propulsion ship system and the vector control of the
PMSM. The algorithm can be used to estimate the rotor position and speed at low speed in the electric
propulsion ship system within acceptable deviations. In fact, the position sensorless control technology
can represent the redundancy of the control system with sensors. Subsequently, when there is a fault in
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the mechanical sensors, the control system can switch to the sensorless operating control mode, which
can further improve the reliability of the electric propulsion ship system.
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