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Abstract

With the continuous expansion of the scale of distributed power generation, multi grid
connected converters often prone to oscillation problems when parallel operation.In this
paper,we study the equivalent circuit of parallel connection of multi grid connected
converters , system response characteristics of voltage source and in-depth analysis of the
causes of the parallel oscillation of the converters.This paper analyzes converter’s
parallel complex vector model by complex vector and comes to a conclusion that power
grid voltage feed-forward will produce strong coupling between converter so that cause
oscillation parallel converters. In view of the above problems and the flow of the
converter starting or the voltage fluctuation of the grid, we design a low feed forward
method, that is to make the fundamental and the main sub components of the grid voltage
forward without delay and for the relative high frequency components, the filter
technology is used to attenuate, so as to achieve the maximum elimination of the
feed-forward coupling between the converter, to prevent the occurrence of system
oscillation. In order to verify the use of this paper, the theory of the parallel converter is
applied in the field of MW level wind field. The experimental results prove the correctness
of the theory.
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1. Introduction

With the development of wind power generation unit, the single-level converter is
common and the grid connected converter is based on LCL filter. At the same time, the
hardware control of the switch device is received by the grid connected converter, and the
parallel operation of the converter becomes the mainstream [1-2]. Because of the increase
of the capacity of the wind field, the more the power generation units are incorporated
into the generator set, the damping characteristics of the filter are changed with the
parallel operation of multi converter [3-5]. In this paper, the system response
characteristics of the equivalent circuit and voltage source of the parallel converter are
studied, and the causes of the converter are analyzed in depth [6-7]. In this paper, we use
the complex vector analysis converter parallel complex vector model to study the power
grid voltage feed-forward will generate a strong coupling between the converter, so the
parallel converter oscillation [8-10]. In view of the above problems and the power grid
voltage fluctuations in the flow, we design a low feed forward method , for the power grid
voltage, the fundamental and the main components of the low sub - delay feed forward,
for, the relative high frequency components, the filter technology is used to attenuate, so
as to achieve the maximum elimination of the feed-forward coupling between the
converter, to prevent the occurrence of system oscillation.
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2. n-Paralleled Equivalent Model of Grid Connected Converter

To solve the practical problems of the wind field, for the majority of the wind turbine
and converter for the same vendor products, in this paper, the parallel situation of the
same converter in n platform is analyzed and studied. Normally single grid connected
converter does not produce oscillation, reference to passive or active damping, so the LCL
capacitor is equivalent to the series resistance Rs and set up the common connection point
(PCC) of grid connected converter to the transformer leakage inductance and transmission
line equivalent impedance of L. [11-12]. Therefore, the equivalent topology of the LCL
filter in parallel with the grid connected converter in n platform is shown in Figure.l.
Among them, the output voltage of the M converter side is represented by Vimw.m, the
converter side current iinzm, the network side current igm, current reference direction as
shown in Figure, v is public connection point (PCC) voltage, vy, indicates the grid phase
pressure, z=u, V, W.

Vez

Figure 1. Single Phase Equivalent Circuit of n-Paralleled Grid-Connected
Converters

Temporarily not consider the grid voltage, let the M converter output voltage Vinm
alone, transfer function Ginvmm(S)=linvzmm(8)/Vinvam(S), the current response of the N iS finvzmm,
Transfer function Ginvm(S)=linvznm(S)/Vinvzm(S). Taking the first converter as an example,
according to superposition theorem, N converter output voltage at the same time, the
response of the system is the superposition of the response of the output voltage of the
converter alone iinzi=linvz11+iinziz+ ... Finzim ... Hiinzin. According to the symmetry of the
circuit and the consistency of the system parameters, we can know the transfer function of
the current response of the output voltage of the converter alone s

Gins=Gin11=Ginv22=...=Ginvn. When the output voltage of the converter is independent of
the output voltage, another converter output current response function is Ginm =Ginviz
=Gim21=... =Ginmn=Ginvom, CONVerter current response iim=linvz1=linvz2=... =linvzn, CONVerter
output voltage Vin=Vinz1=Vinz2=... =Vinvzn, Written in matrix.
Iinv Iinvzl Ginvll Ginv12 Ginvln Vinvzl
Loy _ Bivz2 Ginv21 Ginv22 Ginv2n Vinvz2
Iinv Iinvzn Ginvnl Ginvnl Ginvnn Vinvzn
1)
Ginvs Ginvm Ginvm Vinv
_ Ginvm Ginvs Ginvm Vinv
Ginvm Ginvm Ginvs Vinv
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G, =™ _G +(n-1G,

invm

Vinv (2)
Defined as follows:
2,(s)=Ls
2,(8)=L,s
z,(s)=Ls 3
1
z(s)=—+R
c( ) Cfs T

According to Circuit symmetry, we can get:

Z,+12,+NZ,

7,7, +(z, + z.)(z, +nz,)

eqi
(4)

It can be seen, compared with the single, grid inductance into nL:. Geqi has a resonant
point wresi and an anti-resonance point waniresi. FOr n converter, the resonant
characteristics of the grid connected filter are similar to that of a single stage, and the
design can also refer to a single platform. But the difference is that in accordance with the
grid inductance into nL; design.

a)resi = L
L L)
Tl Ll ®)
1
Waticresi = '—Cf (Lg n nL‘)

Similarly, the output voltage vinm Of the M converter is a separate function, at the point
of the PCC, the voltage is vem, transfer function Ginwm(S)=Vsm(S)/Vinvzm(S). N converter
output voltage at the same time, response of the system is the superposition of the
response of the output voltage of the converter vg=vea+ Veot...+ vemt...t ven.
According to the symmetry of the circuit and the consistency of the system parameter,we
can get Ginv=Ginw1=Ginwz=".. =Ginwn. SO Gequs(S)=Vsz(S)/Vinv(S).

Vszl Vinvzl
v Z Vi VZ.
52 = [Ginwl Ginw2 Ginwn ] n ? (6)
szn Vinvzn
V
—_ _ Sz __
Gequ - =n Ginw (7)

3. Analysis of Converter Parallel Vibration and Complex Vector Model

In this paper, the control of the grid connected converter is analyzed and the control
system is coupled to the oscillation of the system. Complex vector analysis of three phase
grid connected converter, in order to prevent grid start, power grid voltage fluctuations or
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fall caused by the current overshoot, power grid voltage feed-forward control is often
needed. However, due to the presence of the transformer,the sampling points are feed
forward filter in grid side inductance and leakage inductance of the transformer, that’s
PCC point voltage. But all converter control output will affect the PCC point voltage
(near the resonance point, the influence is the largest, which is determined by the damping
of the system), the converter directly sample the voltage and influence the output of the
converter directly through the grid voltage feed forward. Because the value is directly
controlled by the converter regulator, therefore, the presence of the grid voltage
feed-forward will make a strong coupling between the converter in control (especially
near the resonance point), which may cause the system oscillation [13-15]. Because of the
parallel connection principle of the N converter and the two converters in parallel, In
order to simplify the analysis, this paper will take the two converter as an example.

Two converters are used in synchronous Pl regulator, and the same PI
parameters.Introduced decoupling quantity, jwglLiota, inside Lww=Li+Lg. As the regulator
and control object are described in different coordinates, the system model is established
[16-19]. In this paper, we use the complex vector method to analyze. Using dq coordinate
system, replace s of Ginw, Gug, Ginvs, Ginvm, Gig With s+jwg, YOu can get the corresponding
control object transfer function on the dq coordinate system. In order to remove the
influence of the high frequency harmonics of the switching frequency, the low pass filter
Gri(s) is introduced. In addition, the Gg(s) is introduced to facilitate the problem of grid
voltage feed-forward coupling,the system control block diagram is shown in Figure.2.

Figure 2. Control Diagram in Frame dq

1
G:(s)= 8
(®) Ts+1 ®
Vin2%®, V¢* as a perturbation, namely Vin.%, V¢*=0 system transfer function is:
G _ Iinvlge - GPIGinvs (9)
invl — . '
I invlrge 1- Ginvafu +G PIGinvsti - ]wg Ltotal Ginvsti
The transfer function of Vg is:
G = Iinv1ge — Gig (1- Gianfu)+Gngqui']vs (10)

invafu +GPIGinvs

" \/gge _1_G Gfi _ja)g LtotaIGinvsti

The transfer function of Vin2% is:
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_ Iinvlge — Ginvm (1_Gianfu )+Gianquinvs (11)

" VLS 1-G, GG Gins G — 19 Lo Gins G

inv2 invw invs

G

The transfer function of Vina% generated by Vino® is:

v, % - ja)thotalvGinvafi _GianGPIGfi-'-G

: .G,
G — _invl inw ™ fu
Gy, +G,,G

Gs— ja)g L[otallGinvsti

™ Vp* 1-G (12)

inv2 inw invs

The side current generated by the converter is the superposition of the above three.

Fivt” =G linar” *GineVine” *CingVy”

inv inva invir invg Vg (13)

4. Complex Vector Analysis of Parallel Oscillation Suppression

The change of V% interference caused by power grid voltage is similar to that of a
single stage, and the transfer function is not big. If the damping design to consider the
impact of the changes in the resonance point, the general form of a single, multiple
parallel will not therefore oscillation.

The coupling of the converter is mainly reflected in the: As the grid voltage
feed-forward exists, the output voltage of the converter Il as the Vin.* of the PCC will
affect the point voltage, which is determined by the control object Ginv. However,the
converter | directly sample the Vin1%, and through the power grid voltage feed-forward
Vina®%. The Vin:® in turn will affect the size of the Vin.%, and whether the oscillation will
be generated by the G, transfer function is greater than that of the 0 dB.

If no grid voltage feed-forward, that is, Gy,=0. From Figure 3, the peak value of Ginm is
not more than Gins, regardless of the value of n. So when |Giwm|>>1, Gy is less than 0
dB. When Ginm is relatively small, as long as the regulator design is appropriate, the
general Gy is still less than 0dB, so it will not produce oscillations, transfer function Gny
real and imaginary part of Potter as shown in Figure.3.

_ Vinv1ge _ (J a)g Ltotall -G PI )G invafi (14)

" Vi”VZQG_1_(ngLtota|‘_Gp|)G' Gy

Iinvs

=140~

n=100

10 15 20 25 30 35 40

=160
0

Figure 3. Bode Diagrams of Gn,y for Different Values of n with G#=0

In order to suppress the influence of voltage fluctuation on the system caused by the
starting and the grid voltage, the grid voltage feed-forward is usually used. Traditional
grid voltage feed-forward is to prevent over current and improve the dynamic
performance, to ensure that the power grid voltage without delay, without attenuation into
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feed-forward control, equivalent to Gqn=1, but the method has the potential to cause
negative effects, causing the resonance between the converter. When Gu=1 is Ginw, the
Ginw is the same as that of Ginvm and Ginvs, and the interaction between |Ginvm|>>1 and Gmy
is more than 0 dB. As shown in Figure.4, the oscillation frequency is near the resonance
point, n=2, the oscillation frequency is 16 and 18, so it is reflected that the static
coordinate system is the 17 oscillation. It can be seen that the traditional grid voltage
feed-forward will make the converter have a strong coupling between the converter and
the system will be oscillatory. In order to suppress the oscillation, it is necessary to make
the grid voltage feed-forward in the vicinity of the resonance point, such as Gm=1/
(Tus+1), Gmy, Tu=0.8ms, and Gny are less than 0 dB. But for the grid voltage feed-forward
role, due to the delay of the role, will make it to the main power line interference
suppression effect of poor and cause the system flow and other issues. In order to
suppress the flow caused by the starting and the voltage fluctuation of the grid, the
parallel oscillation of the system is not caused, and the |Ginw| and |Ginm| resonance peak
value is not too large, but this will pay a great price.

Based on the above analysis, this paper presents a low feed forward method for the
problem of the voltage feed-forward and the oscillation of the grid: to ensure that there is
no time delay, the fundamental and the main low sub components of the grid voltage are
guaranteed, for the grid voltage, the relative high frequency components, such as 17 or
more, not to feed forward or generate sufficient attenuation by using appropriate filter
technology, cutting off or weakening the I and Il between the converter and the system by
means of a feed-forward coupling, and the suppression of the oscillation of the system.
The principle of this method is the error caused by the main disturbance of the grid
voltage, and the feed forward control is all or part of the compensation, the error caused
by secondary disturbance is adjusted by the feedback control. Thus, it is helpful to
improve the stability and the dynamic performance of the system. The realization of the
low feed forward can be realized by using the phase locked loop based on the principle of
band-pass filter.

Figure 5. Bode Diagrams of Gy for Different Values of n with T,=0.8ms
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5. Wind Farm Experiments and Conclusions

Figure 6, shows the main wave forms of the Inner Mongolia wind field experiment. (a)
~ (b) the experimental wave forms are given respectively by using the traditional grid
voltage feed-forward and the low power grid voltage feed-forward. The CHL1 is the grid
line voltage vgw, CH2 is the grid current IGU, CH3 is the intermediate DC bus voltage,
and CH4 is the side current iss (which is positive). Figure (a) is the wind speed of 8m/s,
the use of traditional power grid voltage feed-forward control, starting a converter running
well, when the second converter starts, the main variable of second converter waveform.
Thus, oscillation occurs when starting the second converters, from a pulsating frequency,
oscillation frequency is about 16 or 17 times. Figure (b), given the wind speed of 12m/s,
the use of low power grid voltage feed-forward, control two converters together with the
experimental waveform of nearly full power, two converters from start to full power
operation, no oscillation occurs. Figure (c), for the direct drive permanent magnet wind
power generator is running at the rated speed of 22.5 r/min, two units at the same time,
one of the stator voltage ussc (corresponding to CH1) and the stator current isg (in order to
generate the direction is positive, the corresponding CH2) of the steady state.

The experimental results show that the low feed forward method, which is based on the
fundamental and the main sub components of the grid voltage, has no delay. The relative
high frequency components are attenuated by the corresponding filter technology. At the
same time, the correctness and feasibility of the research results of the grid technology in
the direct drive wind power generation system are verified.

(b) the experimental wave-forms of the power grid voltage low order feed forward
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