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Control of Voltage Source Inverter with an LCL Filter without

Voltage Sensors

Abstract. The voltage source inverter with LCL filter has to adopt damping method to suppress the resonance of LCL filter, which increases of
losses and sensors. With virtual flux estimation idea, grid voltage-sensor-less technology is applied to design observers for the grid voltage,
capacitor voltage and current. The observed grid voltage and capacitor voltage is used to realize voltage orientation control and grid current
compensation for unit power factor. The observed capacitor current was fed forward to restrain LCL response and keep the control stable. The
simulation results verify the correctness of observes design and the control method.

Streszczenie. W artykule analizuje sie przeksztaftnik o zrédle napieciowym VSI z filtrem LCL w zastosowaniu do sieci elektrowni wiatrowych.
Analize przeprowadza sie na podstawie monitorowania napiecia sieci, pradu sieci i napiecia na kondensatorze. (Sterowanie przeksztaftnikiem
napieciowym z filtrem LCL bez koniecznos$ci uzywania czujnikéw napiecia)
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1. Introduction

In the wind power system, voltage source inverter (VSI)
with an LCL filter (LCL-VSI) is used for better filtering of the
grid current [1]-[3]. The resonance of LCL filter often makes
the control system unstable. As a solution of this problem,
passive damping (PD) or active damping (AD) methods are
generally adopted [4]-[6]. However, PD method brings extra
power loss and AD method increases additional sensors.
For these reasons, grid voltage-sensor-less technology is
adopted in order to lower the system cost [7]-[11]. The
virtual flux estimation idea is studied to design grid voltage
observer, capacitor voltage observer and capacitor current
observer only used the dc-link voltage and the converter
side current [11]. The grid current is compensated for unit
power factor used the converter current feedback control
indirectly. The capacitor current from the observer is
forward fed back to restrain LCL response problem and
keep the control stable. The simulation is performed using
Matlab and the simulation results verify the correctness of
observer designed and the control method.

2. The mathematical model of the LCL-VSI

Fig. 1 shows the structure of LCL-VSI. Assuming the
positive direction of the grid currents is from grid side to
converter side, by the circuit theory, the mathematical
equation of LCL-VSI in static a-8 coordinate is as following:

Uit p) = ~Rili(a,p) ~ Li dii(;’ﬂ) Hlle(a.f)

™) Ue(a,p) = Rigia.p) ~Lg digi;’ﬂ) Tlg(a.p)
li(a.p) =lg(@.f) ~lef (@.5) D) =lg(@,p) ~Cf W
Cy dzftlc =iy (Dsq +igsp J;LLC

The mathematical control equation of LCL-VSI in the
rotating d-q coordinate is as following:

Ui(d,q) =Ue(d,q) ~ Bi +SL)iyd,q) * OLiiq 4

) Ue(d,q) =Ug(d,q) ~ (Rg +5Lg)ig(d,q) * @Lgig(d q)
Cdd”dc /dt = 1~5(iid5d + iiqsq) —Uge /RL
Where, ii(a,ﬁ) and ii(d,q) are the

Yi(a, ) Yi(d.q) »
converter side voltages and currents in a-8 coordinate and
in d-qg coordinate; u. gy » icf(a,p) ANA tewag) s icf(d,q) Ar€

the capacitor side voltages and currents in a-8 coordinate
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and in d-q coordinate; ugy gy s ig(a,p) AN Ug(a q) s ig(d,q)

are the grid side voltages and currents in a-8 coordinate
and in d-q coordinate; C; is the dc-link filter capacitor; u,,

is the dc-link voltage; R; is the dc-link load; s, , sp and s; ,

s, is the switch function in a-8 coordinate and in d-q

q
coordinate.
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Fig.1. Structure diagram of LCL-VSI

3. Stable analysis of LCL-VSI
Fig. 2 shows the diagram of the current control loop with
the converter current as the feedback.

Fig.2. Diagram of current loop
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By the Fig. 2, the open-loop transfer function is obtained:
s2LgCr+1

Cr+s(Lg+1Ly)

kip(S+Tl') )

S SLL,

©) Gy (s)=

The coefficient of s2 in the denominator is zero, which
means that the control system must be unstable, according
to Routh-Hurwitz stable theory. As a result the passive or
active damping method should be employed to keep the
system stable.
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Here, the capacitor current is fed forward into the
controller output to suppress the response of the LCL and
make the current loop control stable. The method is shown
in Fig. 3.

Fig.3. Diagram of current loop with AD

From Fig. 3, the open-loop transfer function is obtained:
_kip(S‘"Ti) S2Lng +1

S SLLCp+stkLCy+s(Ly + L)
2

(4) Gy (s)

It is evidence that the coefficient of s in the
denominator is not zero and the control system may be
stable by choosing the appropriate & value.

4. Grid voltage-sensor-less control method

For the control of the LCL-VSI, the three-phase
converter-side currents and the dc-link voltage need to be
detected. The grid voltage can be obtained without sensor if
the voltage-sensor-less technology is used. The grid
voltage and the LCL capacitor voltage and current can be
reconstructed with the converter-side current, the dc-link
voltage and the switch function.

4.1 The virtual flux observer

According to the virtual flux observer [11], the grid
voltage expression under the two-axis static a-f8 coordinate
is obtained:
gy =0y =w_[(Rgigﬂ +Lgd;ﬂ+ucﬁ)dz=w.|‘ugﬁdt
(5) @

. d’ga
Ugp =0y = a)J.(Rgza +Lg 7+uw)dt=a).|.ugadt
where, y, and yg is the virtual flux of the gird in the

two-axis static a-8 coordinate.

Using the same principle of the relationship between
grid virtual flux and grid voltage discussed before, equation
of the relationship between grid current and capacitor
voltage can be obtained:

di di
ga . gp :
=—wi, g3, =wi,,
(6) dt sh dt 8a
duey _ du, _
d = —a)ucﬁ . dt = WUy

4.2 The capacitor voltage and current observer

The idea of virtual flux with equation (6) is introduced
here. Then the capacitor voltage and current observer
expression under the two-axis static a-8 coordinate can be
obtained:

Ueq = Rilig -a)Lii,ﬁ-a)J‘ ”iﬂdt
(7) uep = Riijp+ WLiiia+wj”iadf
leqg ==0Cpucp,icp =aC ey

In expression (7) the converter output voltage u, , u;p is

determined with switch function and dc-link voltage, the
expression is:
1 1

1 —— —= |[s
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As the pure integrator will cause a dc component in the
result and thus bring errors in control. Two 1°' order lower

pass filters are introduced here to replace the pure
integrator. The cut off frequency of the filter is ., which is
equal to grid angle frequency. The transfer function is:

(9) ug(s) = \/Ea)c -7\/5606

s+, s+,

At the cut off frequency o =a, , the gain of the LP filter is

1 and the phase shift is -11/2, which just equal to the value
required. The structure of the observer designed is shown
in Fig. 4:

s+o,_ sto,

Fig.4. Diagram of capacitor voltage and current observer

4.3 The grid voltage observer
The grid voltage is detected to determine the space
vector angle, which is used in coordinate transformation.
Since the capacitor voltage can be detected by the voltage
observer, according to equation (1) , the expression of the
grid observer is:
(10) gy = (1~ ©*C r L)ty + Ryl — @Lgizg —oC Ryt g
ugp = (1=~ @*C Lo + iz +@Lgizy + &C Rytieg
The grid voltage angle and the sine, cosine value used
in coordinate transforming is as following:

— tan—1 8B 2 .2
0, = tan (u—),um =\Ugg +igp
ga

Ltga ugﬂ

,sinf =
u2 +u \/uz + M2
ga TYgp ga THgp

With the help of equation (11) the LCL-VSI signal can be
transformed to two-axis d-g rotating coordinate frame,
which decouples the control signals to d and g axis. The
structure diagram of the grid voltage observer is showed in
Fig. 5:

(11)

cosf =

Fig.5. Diagram of grid voltage observer

4.4 System control block

In order to compensate the grid side current, the
converter current feedback control is adopted, in which the
grid current is constructed by capacitor voltage and
converter current by the following equation:
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. du . .
iga =Cy dcta +iig =—@Cruep +ijg
(12)
d
igﬂ :Cf%"'iiﬁ =0)Cf”ca +[iﬁ
Converting equation
coordinate frame gives:

(7) to two-axis rotating d-q

2 . .
(13) (I-"CrLg)ucq =ugq — Rglig + wLglig + @C g Rgticy

2 . .
(I1-"CrLgucy =gy = Rglig — 0Lgliy —0C ¢ Rouieyq

Converting equation
coordinate frame gives:

{igd = iid + icd = iid - a)Cfqu
igg =lig +icq =ljg +@Crucq

(12) to two-axis rotating dq

(14)

Then, the diagram of the converter current feedback
control of the LCL-VSI is shown in Fig. 6:

| W
—
=

Fig.6. Control diagram of LCL-VSI using converter current feedback

5. Simulation and result analysis

In order to test the voltage-sensor-less control, The
simulation is carried out in Matlab. The electrical and control
parameters are shown in Table1, where fis grid frequency
and fs, is switching frequency. The simulation result is
showed in Fig. 7 ~12.

Tab. 1 Electrical and control parameters in simulation

Parameter Value
eV 380
flHz 50
Uge/V 600

CdlpF 18800
Lg/uH 80
CiuF 170
Li/uH 468
R4IQ 0.1
RUQ 4.8
fsw/Hz 3000
k 4.3

Fig. 7 shows the real signal and observed signal about
the grid voltage Uy, and Uy in stable state. Fig. 8 shows

the real signal and observed signal about the voltage of
LCL capacitor U, and Ugin stable state. It can be seen

that there are no phase shift between the real and observed
signals, which means that the observer is correct.

Fig. 9 shows the PLL output, designed with the output of
the observer, and the real angle waveform. It can be seen
that there is no phase shift and its linearity is good enough.
(For convience here, the real angle waveform is subtracted
with a constant 2).

Fig. 10 shows the phase A-phase gird voltage and grid
current when working in unit power factor. The phase error
between the two signals is entirely same, which means that
the grid current is indirectly controlled with the control of
converter-side current.

Fig. 11 shows the three-phase grid current in stable
state. From the waveform it can be seen that the voltage-
sensor-less technology works well. Fig. 12 shows the

dynamic waveform of the grid current under the same
condition. It can be seen that, the system recovered to
stable state within only 2-3 periods, which means that the

system has a good dynamic response.
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Fig.7. Real and estimated waveforms of gird voltage
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Fig.9. Real and estimated waveforms of gird voltage angle
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Fig.10. A-phase grid voltage and current waveforms in PF=1
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Fig.11. Waveforms of three-phase grid current in steady-state

5. Conclusion

By introducing virtual flux estimation ideas and voltage-
sensor-less technology into the LCL-VSI, which detects the
LCL capacitor voltage and grid voltage by state observers,
the related sensor can be removed in the LCL resonance
control scheme. In addition, because the LP filter is used to
replace the pure integrator, the system has better capability
of load rejection. As the simulation has shown, by adopting
the grid voltage-sensor-less technology to control LCL-VSI,
the number of sensor is reduced, which reduces the cost of
the system.
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Fig.12 Waveforms of grid currents during output power steps
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