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ARTICLE INFO ABSTRACT

In order to solve the problem of fuel pollution, the diesel fuel for power
ARTICLEHISTORY: generation of marinewas abandoned andshore power supply have been
Received13 December2016 proposed at the historicmoment. The Shore Power Supply which needs
Revised25 January2017 transferring 380V/50Hz to 450V/60Hz is used on shipping who need this

Accepted25 January 2017 kind of power, so effectively curbs the emissions of pollution gas into the

air, and achieves the purpose of improving the environment. At theame

KEYWORDS time, in order to achieve better control, in ths paper, sliding mode
SPS control is applied to the closed loop system. The structure dhe main
Diode-clampedThree-level circuit, drive circuit and control system are described and the design of
Inverter critical parameters are provided.

Sliding Control

SVPWM

1. INTRODUCTION

] . . 2. THEOPERATINGPRINCIPLE OFSHOREPOWERSUPPLY
With the environmental problem becoming more and

more serious, the fuelpollution has gradually been The shore power supply is mainly composed of two
taken seriously. The ships generally use diesel Parts, power conversion circuit and control circuit[2].

generating units to generate electricity, causing The part of power conversion is aimed at energy
serious pollution to the air port. In addition, with the ~ transfer and conversion, which means that it can
continuous expansion of foreign trade, more and more convert alternating current of three-phase of
foreign merchant ships operate in our ports. Most ~ 380V/50Hz to 450V/60Hz (Fig. 1). Thepart of control

foreign ships use 45W/AQ60Hz [1], while the  circuit is mainly based on thestate of the detected
standard of China's electric power industry is  signal to make judgment processing, achievng the

380VAQ50Hz. Athough the traditional diesel ~goal of shore power supply system catrol and

generator can produce 450/AQ60Hz, it has lots of Protection.

disadvan_tagessuch as causing noise and apollution, A .Design of theMiain Gircuit

low efficiency, etc. The shore power supply (SPS) of
the low voltage ship mentioned in this paper no
longer needs the diesel generator to generate
electricity. Instead, the AGDGAC power electronic

transformation technology is wused to transfer
alternating current of 380V/50Hz to 450V/60 Hz

directly, sothat provides power to such electricships.

The main circuit topology of shore power supply
mentioned in this paper is shown in Fig.ta f..-<b<«t”
filter circuit adopts three-phase nonrcontrolled
rectifier. DC reactor have the advantage of reducing
the harmonic of the current of input side, smoothing
the output voltage and reducing the currentripple in
DC side, providing a relatively stable DC voltage for
the later stage inverter.
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Figure 1: Thestructur e of shore power supply.
The application of diodeclamped inverter The calculation equation of the inverter output

increases the flexibility of input voltage of the shore filter inductance and the calculation equation of filter
power supply, at the same timecontributes to the capacitanceare presentedin (2) and (3) respectively
versatility design of the shore power supplyand [4].
improves waveform quality of the output voltage.
Filter which is the key component in the inverter
system, convert PWM wave of the output to sine wave

and smooththe inverter AC voltageto guarantee the

good quality of power supply system.The output 2)
transformer on shore power supply hasplay an
important role in voltage transformation and isolaton €
protection.
®3)

where W, is the RMS of the inverter output voltage®-
is the cutoff angular frequencyand lo is the RMS of
phase current for inverter output. Assuming the
voltage of the DC bus is 530V at full load, ghe peak
value of output phase voltageof the inverter is 265V.
If the modulation ratio is 0.8, the valid value of the
output phase voltage is 150V. The output voltage
fundamental wave angle frequency of the shore power

is 4 120Sad/s, the cutoff angle frequency is

Assuming that t_he voltage of DC sid_e is 530V when Z 2000Srad/s
the output power is 8kW, then the equivalent output )
—""fe_ <o swas fet —8f T —<irf Zial_?.%\f/r}enghe&w%lg@ower is &W.
the DC side. The critical conditions of current  ASSuming that the output phase voltage of the
continuity of DC sideare: inverter is 150V and take those values into the (2and

(3), then the value of inductance and capaeaince can
Z 10.009142 1) be obtained as L=1.34mH and C=18.9und the actual
where lis the time constant, | L/R, L is the value of inductance and capacitance is 1.44mH and
17.6uUF in each phase respectively.

The two level inverter of traditional system is
applied in the high voltage and high power
applications, as he limitation of semiconductor device
for itself, generally improve the switch tube level of
pressure and flow capacity by adapting the way of
switching device in seriesparallel, which requires the
combined switch tube can be opened and shut off at
the same time.

However, due to the restrictions of the
semiconductor devices and manufacturing process,
exactly matching between devices has certain

Figure 2: Main circuit topology of shore power supply.

then the output phase current

filtering inductance in DC side, R is the equivalent
resistance in DC side. Iifiact, once the current in the
circuit is continuous, the power factor of net side is
greater than 0.8 &, choodng the inductance
according to Z t0.02~ 0.04 is more appropriate. At
this time, the power factor is between 0.91 ~ 0.94. If
continually add the inductance value, will only
increases the cost and equipment weight ofthe
system, but notimproves the power factor [3].
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difficulty . $, multilevel inverter has been widely
researched andapplied. But as the circuit of more
than three level of threephase inverter is complex, it
is difficult to reduce electromagnetic interference
caused by stray inductance, and its shut off voltage
peak has been increased, which all lead to the
pressure of the system on the device Ilevel
requirements.

S0, the most widely used at present is mainly three
level inverter.

Diode-clamped threelevel inverter circuit which is
wildly used inverter, have the advantage of its simple
structure, without complex transformer, relatively
simple control circuit and cntrol method [5]. Fig. 2
shows the diagram of the diodeclamped threelevel
inverter circuit.

The value of threephase sinusoidal voltage
instantaneous corresponding to the reference space
voltage vector is defined as:

28

|28 28
3
v,e

2
Viet g(va v.e 3)

(4)
Since each phase of thredevel inverter has three
kinds of switch state (i.e., S=(1,0-1), therefore, a

three-phase threelevel inverter can output 27 kinds

follows the following principle: Starting from the
negative small vector, only one phase of the switching
state is changed at time, an@hen the switching state
is switched from 1 to-1, the switch state O must as the
transition working state [7], [8].

B. The Desigrof SnubberCrcuit

Whereas the IGBT works in a higher switching
frequency or larger power occasions, due to the
presence of stray inductance in the main circuit, the
IGBT bear a larger surge voltage at the turoff
moment [9]. This will inevitably lead to greater
switching losses of IGBT, thus, making IGBT
overheating and even cause IGBT damage. In order to
improve the reliability of IGBT, generally can reduce
the switching speed, reduce the number of the stray
inductance in the circuit and add the snubber circuit
to suppress the suge voltage at the turnoff moment
and reduce the switching losses. As the slower
switching speed will increase the switching losses to a
certain extent, so the most effective way is to reduce
the stray inductance through the compact wiring and
use the bufer circuit to suppress the shutdown surge
voltage. Take the phase A of the threlevel inverter as
an example, the connection form of the RCD
absorption circuit is shown in Fig. va St

of state, in turn can get a voltage vector space vector working process can be referred to [10].

diagram contains 27 voltage vector spaces (Fig.3).
According to the magnitude of voltage vector, it can be
divided into zero vector, small vecbr, medium vector,
and large vector in which the magnitude of the large
vector is 2Vdc/3, the amplitude of the middle vector is
Vdc/3, and the amplitude of the zero vector is zero

[6].

Vl—ll
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Figure 3: The block diagramof three-phase threelevel
spacevector.

To achieve threelevel inverter, SVPWM control
generally takes four steps (1) to judge the large
sectors; (2) to judge the small sector; (3) to calculate
the duration of action of each synthetic vector; (4) to
assign time stde. The sequence of switching states

At the same time, ashe existence of midpoint bus
stray inductance, result the voltage imbalance of both
inside and outside in threelevel inverter when the
switch turn off, generally the voltage that the inner
switch bears is slightly higher than the outer switch.
In order to balance the switchoff voltage of the inner
and outer switch, generally a resistor Ra is connected
in parallel between the clamping diodes in
engineering, as shown in Figd. Thus the capacitor in
DC side can charge the junction capacitance of Sa4 via
the D1 and Rawhich generally take Ra=10k in
engineering. Of course, the introduction of resistance
Ra will bring additional losses to a certain extent and
increase the difficulty in the design of the system
thermal.

Figure 4: Threelevel inverter with snubber circuit.

C. The Design of five Crcuit

The drive circuit converts the SVPWM signal
generated by the DSP into a signal capable of driving
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the IGBT, =lect IR2113 as diver chip. The signal
input and output of IR2113 is no isolation, so the
PWM signal generated by the DSHs sent to the
IR2113 signal input after electrical isolation, making
the PCBgrounding of the control circuit and the main
circuit isolate to improve system rdiability. Select
6N137 as optocoupler isolation[11], [12], the circuit
structure is shown in Fig 5.
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Figure 5: Schematic diagranof drive circuit.

D. TheControl Sructure of the System

Sliding mode control (SMC) is one of variable
structure control modes. It is a special nonlinear
control with discontinuous characteristics [13]. The
system structure of this control strategy changes
according to the switching characteristic during the
control process, forcing the system state slide to the
equilibrium point along a certain hyper plane and
asymptotically achieve a steady state at this point or
near it. This state is the saalled sliding mode, and
the sliding mode variable structure controlsystem is a
variable structure control system with sliding mode.

As soon as the system enters the sliding mode, the
sliding mode motion is almost independent with the
disturbance or parameter, so the sliding mode control
is robust and easy to implement. Imecent years, it has
been applied in the closedoop speed control system
of synchronous motor and obtained excellent control
performance.

A nonlinear system is provided as follows:

)>(( f(X,U,t) (5)
where x «R",us R", n mand the control
function is:
U9 50910 ©)
) B s o

where u (x) zu(x) &s s(x) is the toggle function

which its dimension is the same as the control vector.
Then, a hyper plane is constructed, and divideshe
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system into two parts. Therefore, this hypemlane is
called the switching surface.

Figure 6: The figure of switching surface

As shown inFig. 6, point A approaching from both
sides to switching surface is called the engboint;
point B passing the plane to the other side after
reaching the switching surface is called the ordinary
point; point C leaving from the switching surface to
the both sides is called the starting point.

The termination point has the most special
meaning among the three categories. A region where
only have an termination point on and the motion
trajectory of the system alsosimultaneously tends to
is called “sliding mode regiori’ and the motion in this
region is called“sliding motion”.

Change the structure of the system by changing the

state of switches on both sides o8(X) 0, when the

system is in sliding mode, there iss(x) 0, sx(x) 0.
Make the system meet the three basic conditions at
the same time, namely the existence, accessibility and
stability by selecting appropriate switching function
s(x) and control signal u(x) .

The existence condition of the system is

lim sd—S do (7)
so0 (t
The reachability condition of thesystem is
ds
0 (8)
dt

It can be seen from Fig6 that (7) can be equivalent
to (8). Therefore, (8) is the reachability condition of
the sliding mode, and it can also be used as the
existence condition of the slidingnode.

The stability of the sliding mode motion is also
needed to satisfy while reach the existence and
reachability conditions. Under normal circumstances,
stability analysis can be carried out according to
Lyapunov theory.
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Figure 7: The block diagrar of the system output.

The block diagram of threephase inverter model
under two phase rotating coordinate system is shown
in Fig.8.

According to Fig. 8, three-phase voltage source
inverters in the dgcoordinate system exist certain
coupling. However, the analysis found that under the
condition that the output voltage of the inverter is
symmetric, the d-axis componentof the three-phase
inverter output voltage is adirect current, which is
the amplitude of phase voltageunder the three-phase
static coordinate systemand the gaxis component is
0.

Figure 8: The model diagram of thre-phase inverter in
the dg coordinate systen.

In this case, there is no coupling between the dq
‘es, which facilitates the control of the inverterThe
ock diagram of voltage and current doubleclosed
loop control system based on thecapacitor in the dqg
coordinate system is shown in Fig9. The positive
definite Lyapunov function is constructed as follows:
vy 1
2

(9)

s's

Since the control system of sliding mode of variable
structure has the characteristics of adaptive, good
dynamic quality, strong robustness and good steady
state performance, the controller structure of shore
power supply adapts sliding mode contral The block
diagram of the system output control is shown in Fig.
7.

Cd
»

Figure 9:The control diagram of the voltage and curren
of capacitance of double closed loop control

The transfer
K, K,/S» w, K

ic 3

closedloop transfer function of the current is :

function of Pl regulator is

W respectively and then the

vC

D(s) LCS K,C8 (K\K; Ds K,K, (10)

The closedloop transfer function of the double
closedloop control system is:

K.Kss KK,

G(s (11)
© LCS K,CS (KK, Ds KK,
The closedloop characteristic equation is:
D(s) LCS® K,Cs® (KK, 1s K,K, (12)

The expected closedloop dominant pole of the
double-closed loop control system is

S, JZrjzy1 ]* ,the nondominant pole is
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S, nJZ and then the epected characteristic
equation of the doubleloop control system is :

D) (s 9 ) 8) (8 2/ Z)6 nJA (13

Compating and sorting out the equations (12) and
(13), obtaining the equation:

@ 2nJ*)Z’LC 1

K, (14)
K3
K, 0 ]Z°LC
K (15)
K; (2 n)jzL (16)

If expectation of damping ratio is ; o707 , the
natural frequency isk, z 1/4/LC 5655and nis
10. Adjusting its parameters can setK, 0.0927,
K, 552.67,K, 85.39.

The Bode diagram of the opefhoop transfer
function of the control system after adding the
regulator is shown in Fig.10. In order to obtain a
satisfactory transient response, the general phase
margin should be between 30 ° to 60 °, while the gain
margin should be greater than 6dB. According to Fig.
11, it can be seen that the control system has good
dynamic response speed and stability.

, Magnitude (dB)

Phase (deg)

180 i i I

L
10° 10t 10% 10¢ 10° 10°

10°
Frequency (Hz)

Figure 10: The Bode diagram of ope-loop transfer
function of control system with regulaor.

In this paper, TMS320F2812 is adopted as
processor [14]. The system software consists othe
main program and interrupt subroutine (Fig. 9).
Initialization is necessary preparation before
programming. Initialization generally includes module
initialization and variable initialization. This topic
involves the initialization module mainly includes:
CPU configuration initialization, PIE initialization, the
I/O initialization, event manager initialization, ADC
module initialization and so on. AD ampling is the
key to achieve closedoop control. ADC module
settings include ADC poweiup sequence settings,
ADC clock and sampling period of the configuration,

90

sampling and channel configuration and determine
the conditions of analog to digital conversin.
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Fiaure 11: Flow hart of the svstem desiat.

3. SMULATION AND EXPERIMENT

In this paper, a system simulation model is
established in Matlab/Simulink and an experimental
platform is set up. The main electrical power
performance indicators are shown in Table 1The
driving simulation waveform of phaseA of three-level
inverter is shown inFig. 12.

Fig. 13 shows the changing of output voltagevith
different load when the openloop and capacitor
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voltage-current double-loop control is applied to the
shore power supply.

TABLEL
LowVOLTAGESHOREPOWERSUPPLYPART OF THEELECTRICAL
PERFORMANCE
Name of parameter Indication range
Three-phase input 380V+10%
voltage
Input frequency 50HZ+2%
Input voltage fw”
Three-phase output 450V+5%
voltage
Qutput frequency 60HZ+2%
Qutput voltage
Change range of Tw”
instantaneous voltage

© O =0 O ~O O =0 O =
NN N U= A O U—th n O Wi—n
T T

H H H H H H H
006 008 01 012 014 016 018 02

s

Figure 12: The simulation waveform ofphaseA driving .

H H
0 0.02 0.04

Through the analysis, we found that the use othe
feedbackof current and voltage of the capacitancein
double closedloop control is good to improve the
output external characteristic of inverter, and the
same time to improve the ability and speed of
dynamic respong of the system.

Fig. 14 shows the THD valueof the output voltage
of the shore power supply. i can be seen that the THD
is 0.7%, meeing the requirement that the THD value
of shore power supply output voltage less than 5%.

300

012 014 016 018 02

0 002 004 006 008 0.1
1ls

Figure 13: Output voltagesimulation waveform for closed
loop load switching.
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Figure 14: The THD valueof the output voltage of the shore

power supply.
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Figure 15: Experiment waveform of the voltage U and

theTine eodwﬁi@ntal output voltage waveform of the
inverter to mid-point voltage of AC sides shown in
Fig. 15(a) and the experimental output line voltage
waveform of the inverter is shown inFig. 15(b).

As shown inFig. 16, CH1 is the gperiment output
voltage waveform of the inverter to the mid-point
voltage of the DC sideand CH2 is the &periment
waveform of output voltage with filter.

Through the observation of the above experiment
waveforms, we found that the output frequency of the
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output voltage is 60 Hz, which meets the

requirements of shore powersupply.

..............................................

.............................................

Figure 16: Experiment waveform of output voltage ,  of
and the output voltagewith filter .

The experimental waveforms of the AC output
voltage (CH2) and the output current (CH1) of the
phaseAis shown inFig.17(a).

The AC output current is reduced tdl/100 of the
original via the current transformer and the actual
current is 1.74A at this time, the RMS of output
voltage is 17.4 V.

It can bealso seen from the Fig.17(b) that, the
output current of phase A is 3.3A and the effective
value of actual output voltagds 15.3 V.

However, the above two cases are measured when
DC side voltage is 45VAfter analysis, it can be found
that when the load increases, the output voltage will
fell. So,we can make sure that in the case of open loop,
the capacity of carrying load of the shore power
supply is insufficient.

Fig. 18 shows the experiment platform of shore
power supply.

4. CONCLUSION

In this paper, the design principle is analyzed
in details according to the topological structure
and working principle of shore power supply and
sliding mode control. According to the simulation
and experiments, it is shown that the power
quality of the shore power supply based on
sliding mode control can meet lhe requirements
of shore power supply.
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Figure 17: Experimental waveform of voltage and current of
the AC output side

Figure 18: The experimental platform of shore power
supply.
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