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ABSTRACT

How to complete the phase-locked quickly and accurately is a
basic key technology in the grid-connected inverter.
Compared to the typical phase locking method with zero
crossing, synchronous coordinate system software phase-
locked loop (SPLL) has an advantage of easy to achieve,
faster dynamic response, etc. This paper studied a strategy for
applying the SPLL to the single phase grid-connected
inverter. Firstly, use the virtual three-phase method to convert
the single-phase voltage into three-phase balanced voltage.
Then complete the software phase-locked with vector
decoupling method in the synchronous coordinate system.
Each simulation parameter of actual control system was
calculated by tuning parameters of the regulator. The
feasibility of this method is verified by experiment.
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1. INTRODUCTION

In the systems such as: wind power integration converter,
photovoltaic grid-connected inverter, static reactive power
compensation device and so on, the information detection of
power grid like real time phase frequency play an important
role in the stability and following feature of the whole power
grid. At present, the power grid environment is constantly
changing worse, which put forward higher requirements to
power grid inverter.

The fundamental of traditional zero crossing phase lock is to
real-time detect the zero crossing point and frequency of the
supply power. And then complete the phase lock based on the
phase position detected before. This method is simple and
easy to realize, but the dynamic response is unsatisfactory.
Obviously it is a limit to the response of zero crossing
method. But in contrast, the software phase-locked method
could overcome the temperature drift of analog circuit
effectively. It can not only complete the phase-lock precisely,
but also obtain the amplitude and frequency of the power grid
system. At present, the software phase-locked method has
becoming one of the most important object of study in power
electronics control area.

Synchronous coordinate system software phase-locked loop
(SPLL) is the most popular software phase —locked method.
This method can complete the phase lock quickly and
precisely in three-phase balanced system, but the disadvantage
is that it cannot be appropriate for single phase system.
Aiming at the problem above, this paper approve a strategy
for applying the SPLL to the single phase grid-connected
inverter. The simulation model was built by using
MATLAB/Simulink. Finally, the method is validated with an
experimental platform.
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2. CONSTRUCTION METHOD OF
VIRTUAL THREE-PHASE AND THE
PRINCIPLE OF SPLL

The fundamental of SPLL based on the synchronous rotating
reference frame is that: Converting three-phase voltage to
two-phase stationary reference frame firstly, then converting
to two-phase voltage in dq rotating coordinate system. Finally,
complete the phase-lock by comparing the phase difference to
control.

As shown in Figurel. Assuming that the initial single phase

voltage is Val . In order to reduce the response time and
improve the quick response ability of the system, this paper

!

!
get the V,, by means of delaying _TE of the phase V,, . It is

! !
easy to see the negative value of Val is equal to Val . In the
! !
same way, this paper pick the negative value of Val as —Val
’
first, as shown in Figurel, V,, = -V, +V,, . And now, this
!

experiment has obtained the standard three-phase voItageVal ,

V,, and V,, by the method of virtual three-phase.

]
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Figl: Schematic of the virtual three phase voltage
construction

After getting the virtual three-phase voltage, this paper could
use the SPLL method to complete the phase lock experiment.

In synchronous reference frame, the phase relationship of the
real voltage vector and phase-locked loop output voltage
vector is shown in Figure2. V represents the real voltage and
VpII represents the phase-locked loop output voltage. V

anticlockwise revolute at the angular velocity of @ . The d
coordinates of synchronous reference frame coincides with

\Y

pil - Included angle between « coordinates and the real
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voltage vector V s 671 , the phase-locked loop output

voltage V _, vector is 192. Then make the phase of V and

pll
VpII approaching by Pl control method. And when phase

lock-loop complete phase lock, the two phase is equal to one
P
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another (6, =6,). Vi will departure from V' when the

voltage of power grid suddenly changes. At this moment,
necessary measures should be taken to keep the phase of PLL

meet &, =6, .

v

Fig2: Single phase synchronous coordinate system and the voltage vector

2 DESIGN OF SYNCHRONOUS
COORDINATE SYSTEM SPLL
BASED ON THE VIRTUAL THREE
PHASE VOLTAGE

The schematic of synchronous coordinate system SPLL is
shown in Figure 3. Firstly, this paper get virtual three-phase
voltage V,1, Va, Va3 through the method above. And then

transform the voltage Vg, Vi, Va3 t0 Vd and Vq in

synchronous rotational coordinates. In order to make Vq

equal to zero, this paper bring Pl controller and integral
element into the feedback circuit. Keep adjusting the skewing
0 until SPLL complete the phase lock precisely.

Next step work is: analyze the process of voltage converting
according to the Figure 3 control block above. Assuming that
the initial single-phase voltage is A phase and its value is
zero. The virtual three-phase voltage we got through A phase
could be expressed as below.

V., (1) cos(amt)
V,,(t) |=V| cos(wt — 2 )

3
Va3 (t)

cos(wt + % )

The first step of rotational coordinate system transformation is

Clark transform. It transforms the virtual three-phase voltage
into a two-phase voltage of static coordinate system. As is
shown below:

1 1y @
{Va:|_21 _E — = | Va(t)
Vol 3o 38

2

The next step is Park transform, which transforms the two-

cos(wt)}

2 _
Ja | Vel _VLin(a)t)
7 Va3 (t)

phase voltage V,, and V; into V; and V,, of synchronous
rotating frame. As is shown below:

V, {cos&o sin&o}va V{cos(a)t—eo)}

v, B -sin@, cosd, |V, ) sin(at-6,)

It is not hard to see from the third formula that if the phase
lock is uncompleted (et == 6, ). ot will not equal to & . But

as long as they equal to each other (ot = ¢§t0),Vd =U

V, = 0 .The SPLL will turn to phase-lock completed state.

Now it is confirmed that a proper choice of SPLL parameter is
the key to phase-lock success. Therefore, the simulation
experiment is successful.
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Fig3: Control block of synchronous coordinate system SPLL based on the virtual three-phase voltage
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3. SIMULATION EXPERIMENT Figure 4 is SPLL simulation model. Figure 5 is the virtual
RESULT three-phase voltage simulation model. The input voltage of

. . - Figure 4 is the virtual three-phase voltage got in Figure 5.
In order to test the precision and dynamic response ability of
SPLL method, this paper set up a simulation model in the
MATLAB software. Below is the initial parameters table.

Table 1. System simulation parameters

Category | Phase voltage | Frequency | Phase sequence Proportion Integration
Value 220V 50Hz ABC K,=12.86 T;=0.59ms
]
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Fig4: SPLL simulation model
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Fig5: virtual three-phase simulation model
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Fig6(c): Vg4 V voltage waveform in the rotating coordinates

The simulation waveform of whole simulation model is
shown in Figure 6. Get the virtual three-phase voltage first,
which is shown in Figure 6 (a).It is not hard to see that the
phase angle of inverter voltage is up to standard. And the
phase lock time is nearly 2ms.It is more quickly than popular
used phase-locked of passing zero. Figure 6 (b) is the output
voltage phase angle of SPLL. It shows that the phase-lock
precision is higher than zero crossing phase-lock method. The
inverter voltage is close to 220V and the error is within the

scope of permit. The Figure 6 (c) shows thath voltage

component can approach to zero quickly. Vd is the inverter
voltage in synchronous rotational coordinates. And when the
value of Vq equals to zero, the phase-lock is completed.

4, EXPERIMENT RESULT

After accomplishing the simulation experiment, which
confirm the feasibility of SPLL method. This paper carry out
SPLL experiment in the sample machine further. The main
experimental waveform is shown in Figure 7. The phase
angles of mains voltage and inverter output voltage are nearly
equal within bounds. Every block represents one millisecond.
And the delay of SPLL method is about 3.3 millisecond. It is

obviously more quickly than zero crossing phase-lock
method. And the inverter output voltage is nearly 218V, the
error is within scope of permit. So it is confirmed that this
method is successful.

1- mains voltage
2- inverter voltage
Fig7: SPLL experiment waveform

5. CONCLUSION

This paper verify the feasibility of SPLL method by
simulation and experiment in sample machine. The algorithm
of SPLL is simple and easy to achieve. SPLL method has
excellent dynamic ability by making use of the internal
relations of balanced three-phase voltage.
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