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An AC voltage sensorless predictive
current control method for grid-
tied inverter with enhanced
robustness against current DC
offset

Guolin Zhang?', Weidong Dong?™, Lingfeng Meng?, Jinyuan Li? & Jigiang Wang?

Conventional AC voltage sensorless predictive current control methods for grid-tied inverter are often
sensitive to current DC offset errors, resulting in worse control performance. To solve this problem,
this paper proposed an improved grid voltage observer as well as a new lumped DC offset observation
method. First, the drawbacks of the conventional grid voltage observer are reviewed. Then, based on
the backstepping design approach, an improved grid voltage observer is designed, which can remove
the influences of the current DC offsets. Third, the effects of the current DC offset on the current
control is analyzed, and a new lumped DC offset observation method is designed, which can estimate
and compensate the current DC offset well. Fourth, based on the two proposed observers, a new AC
voltage sensorless predictive current control method is achieved with enhanced robustness against
current DC offset. Finally, experimental studies are carried out, which verify the strong robustness
against current DC offsets of the proposed method.

Keywords AC voltage sensorless, DC offset, Grid voltage observer, Lumped DC offset observer,
Backstepping design approach

To relieve environmental pollution problems, realize the sustainable development, renewable energy technologies
have received more and more attentions over the whole world'~*. To transfer the power generated by wind,
photovoltaic, or other energy sources to electrical supply smoothly, new power electronic technologies and new
control theories have been widely studied and applied to control the grid-tied inverters>®, aiming to transfer the
DC voltage to AC voltage steadily.

The classical control methods for grid-tied inverters are gird voltage-oriented vector control methods and
direct power control methods’. The former method usually has a complicated control structure with several key
parameters that should be tuned carefully. The latter method often has large current and power ripples at steady
state. As a result, new methods with improved control performance require to be further developed.

In recent days, many researchers over the world have studied lots of different kinds of new control
technologies for grid-tied inverters, including sliding mode control technologies®, active disturbance rejection
control technologies’, model predictive control technologies!®"'4, and so on. Among them, model predictive
control technology has been widely studied by many researchers from China and abroad since this kind of
method has a lot of advantages'>!®, overcoming the main drawbacks of the classical control methods”.

In'718, the principles and developments of model predictive control technology are reviewed. It is shown that
many sensors are required for this control system, such as the encoders, the AC current sensors, the DC voltage
sensors, and AC voltage sensors, etc. For grid-tied inverters, AC voltage sensors are often required to measure
the three-phase gird voltages, which are the basis of gird voltage-oriented control and model predictive control .
It is known that the fault of the AC voltage sensors often results in the shutting down of the grid-tied inverters,
reducing the stability of the renewable energy generation systems heavily. Thus, it is very meaningful to study AC
voltage sensorless predictive current control methods for grid-tied inverter using new methods*-2°.
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In%, a second order sliding mode observer is designed to observe the grid voltages, and a new frequency
adaptive grid voltage compensation method is proposed, overcoming the influences of the frequency deviation.
However, this method is sensitive to current DC offset error. Once there is some DC errors generated by the
current sampling circuits, there will be some obvious grid voltage observation errors, resulting in poor current
control performance. In?!, the virtual flux, instead of the grid voltage, is observed by designing a virtual flux
sliding mode observer. However, it is still sensitive to the unwanted DC errors. In?, to achieve AC voltage
sensorless control, the virtual flux is observed by designing an observer in time-domain. To overcome the
influences of the unwanted DC errors, an error-compensation mechanism is presented. In?’, to achieve AC
voltage sensorless control, another virtual flux observer is constructed by introducing a band-stop filter feedback
to solve the influences of the DC bias. However, for model predictive control of grid-tied inverters, the grid
voltages are required for the current prediction model, which cannot be directly provided by the virtual flux
observers. In?, grid voltage sensorless control is achieved for pulse width modulation rectifiers by designing
a novel grid voltage phase angle estimation method. However, this kind of method only works at unity power
factor operation condition. In?>, a sliding mode grid voltage observer is developed, which can track the actual
grid voltage accurately without phase lag and magnitude error. Although it can reduce the influences of the
unwanted DC errors to a certain extent, the influences cannot be eliminated. Moreover, in this paper, the
influences of the DC errors on the predictive current control are not considered.

It is known that the predictive current control performance of grid-tied inverters relies on the accurate current
feedbacks?®?’. Once there are some DC errors, the current control performance will be reduced. To solve this
problem, many papers studied the estimation and compensation methods of current DC errors?®-32. In?, the
effects of the current DC errors on the current control loop are analyzed, and a DC error compensation method
is proposed based on the current control error on the synchronous reference frame. In?, further improvement
is made by considering the effects of the saturation of current controller. In*’, a PI-type observer is designed for
the estimation of the current offset error, and a DC error compensation method is also designed to remove the
effects on the current control. In®!, an adaptive extended state observer is further developed to compensate the
current measurement DC offset error without additional hardware. In*, a D-axis flux estimator is modified to
achieve the estimation and compensation of the current DC errors. Although all the methods designed in?8-32
work well, they cannot be applied for AC voltage sensorless predictive current control of grid-tied inverters since
there are no grid voltage sensors.

Up to now, few papers have studied the AC voltage sensorless predictive current control methods for grid-
tied inverters by considering both the influences of the current DC offset on the grid voltage observation and
on the current predictive control performance. To fill this gap, an AC voltage sensorless predictive current
control method for grid-tied inverter with enhanced robustness against current measurement DC offset error is
proposed in this paper.

The main contributions of this paper lie in two aspects.

In one aspect, a new grid voltage observer is proposed, which can observe the grid voltage without static error
even under large current DC offset conditions.

In another aspect, a new current DC offset estimation and compensation method is designed, which can
eliminate the effects of the current DC offset on the predictive current control system.

Finally, simulation and experimental studies are carried out, which verify the effectiveness of the proposed
methods in this paper.

Description of the system
Mathematical model of the grid-tied inverter
Figure 1 depicts the topology of the grid-tied inverter.
According to Fig. 1, the mathematical model of the grid-tied inverter can be expressed as

diabc

:'ua,c_Riac_eac 1
T b b b (1)

where L is the filter inductance, R is the resistance on the L, i b= [i, i i 1T is the grid current, e be= le,, ey e I
abc a C abc a C

is the grid voltage, and u,,_=[u, u,, u ]" is the output voltage of the inverter.
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Fig. 1. Topology of the grid-tied inverter.
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To simplify this model, (1) can be transformed to the stationary af reference frame’?, and it is deduced that

i

L
dt

= UapB — R’ia,@ — €ap (2)

Where io‘ﬁ = [ia, iﬁ]T,.eaﬁ = [ea, eﬁ]T and u %ﬁ = [ua, uﬁ]T are the grid current, grid voltage, and output voltage of the
inverter on the stationary off reference frame.

Principle of the predictive current control system
The principle of the model predictive control system has been explained in many papers®, which includes the
prediction of the current at k+1 instant using the last optimal voltage vector, the prediction of the current at
k+2 instant using the eight voltage vectors generated by the grid-tied inverter at current instant, the calculation
of the cost function corresponding to the eight voltage vectors, and the selection of the optimal voltage
vector by comparing the values of the cost function. Figure 2 is given here to show the principle of the model
predictive control system more clearly, where M=1-R/L*T, N=1/L*T, U (k) =u (k)-¢ (k), Up(k) = uﬁ(k)—eﬁ(k),
U k+1)=u,(k+1)-e,(k+1),and Ug(k) =uz(k +1)-e (k+1).

Besides, it should be noted that reference current 7, and z} in the cost function can be calculated according
to reference current 4} and i on the synchronous rotating dq reference frame stationary, which meet

3)

{z; =iycosf — iy sind

i =iysin® + iy cosf

where 0 is the phase angle of the grid voltage.

According to the step 2 and 3 in Fig. 2, it is found that the prediction of the current at k+1 instant and k +2
instant relies on the sampled grid voltages using AC voltage sensors. Meanwhile, according to step 4 and (3),
it is seen that the phase angle of grid voltage is also needed for the calculation of the reference current, which
also should be estimated according to the sampled grid voltages using AC voltage sensors. As a result, it is
concluded that the model predictive control of grid-tied inverter relies on the accurate sampled grid voltages
heavily. To ensure the operational stability of the grid-tied inverter under the fault of AC voltage sensors, AC
voltage sensorless control methods, which use the estimated grid voltages to replace the sampled ones, require
to be designed urgently.

Review of the conventional grid voltage observation method
In%, a sliding mode grid voltage observer is designed to achieve AC voltage sensorless predictive current control.
Here, this observer is reviewed and analyzed.

Conventional grid voltage observer

Under ideal conditions, the grid voltage can be assumed as a sinusoidal signal without harmonic. So, it can be
deduced that

dea@
dt

:jweaﬂ (4)

Current sampling and transformation
ia ib ic to iu iﬁ

!

Prediction of the current at k+1 instant
Step 2 i(k+1)=Mi,(k)+NU, (k)

i, (k+1)= Mi, (k) + NU , (k)

l

Prediction of the current at k+2 instant
Step 3 {ia(k+2)=Mia(k+1)+NUa(k+1)

ip(k+2)=Miy(k+1)+ NU,(k+1)

!

Step 1

Step 4 Calculation of the cost function
G=(i, —i (k+2))" + (i; —iy(k+ 2))’
Step 5 Selection of the optimal voltage vector

Fig. 2. Principle of the model predictive control system.
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where w denotes the frequency of the grid voltage.
Based on (2) and (4), a sliding mode grid voltage observer can be designed as

dig 1 5 R , 5
Tt,e = Z('u,ag — Riap — €as + k15gn(iap — 2ag)) -
déas

=jwéap — k2sgn(iap — ap)
dt
where 2o = [ia,i5]" is the estimated grid current, 45 = [éa,és]" is the observed grid voltage, k, and k, are
the observer gains.

Since a detailed stability analysis has been carried out in?’, and it is not repeated here.

Feature analysis
According to%, the transfer function of the conventional sliding mode grid voltage observer can be deduced as
€ap A

Gr= €np 85— jwtA ©

where A=k, /k,.
According to (6) it is easy to found that

A
= 1.0
Gr(s=se) jw — jw+A 0 @)

Equation (7) means that the conventional sliding mode grid voltage observer can observe the grid voltage
accurately without steady state error.
Meanwhile, according to (6) it is easy to found that
/_\ = L Ztan™!
0 —jw+A (w/AN)?2+1

GI(S:O) = (8)

> &

Equation (8) means that for the DC offset signal, the amplitude and phase generated by the conventional sliding
mode grid voltage observer are both not equal to zero, indicating that if there are some unwanted DC offset
signals, the observed grid voltage will be affected. Moreover, from (8) it can be further concluded that a smaller
A can be used to reduce the influences of the unwanted DC offset signals.

Additionally, according to (6) it is easy to found that

A ! /tan~! el

jwn —JotX  S{(@n —w) N2 + 1 B

Gl(s:jwh) =

€)

where w, is the frequency of the high frequency signal.

Equation (9) means for the high frequency signal, the amplitude and phase generated by the conventional
sliding mode grid voltage observer are also both not equal to zero, indicating that if there are some unwanted
high frequency signals, the observed grid voltage will also be affected. Furthermore, similar to (8), from (9) it is
deduced that a smaller A is preferred since the influences of the unwanted high frequency signals can be reduced.

However, although from (8)-(9) it is found that a smaller A is preferred, the dynamic control performance
of the conventional sliding mode grid voltage observer will be reduced if A is small. To show the effects of A, the
bode diagram of G, is plotted with different values of A, which is shown in Fig. 3.

It is seen from Fig. 3 that the conventional grid voltage observer has a weak band-pass feature. When A is
small, the bandwidth is also small, meaning the dynamic control performance is weak, while the DC offset
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Fig. 3. Bode diagram of G,.
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and high frequency signal suppression ability are strong. When A is enlarged, the bandwidth is increased too.
However, the DC offset and high frequency signal suppression ability are reduced.

From the above analysis, it is seen that A is difficult to be selected to get both better bandwidth and better
DC offset and high frequency signal suppression ability. That’s the drawback of the conventional grid voltage
observer. Moreover, although a smaller A can be selected to enhance the DC offset suppression ability, the
influences of the DC offset on the grid voltage observation cannot be eliminated. That’s another the drawback of
the conventional grid voltage observer.

Proposed grid voltage observation method

As analyzed in Sect. “Description of the systeny’, the accurate information of the grid voltage is the key to achieve
satisfactory AC voltage sensorless predictive current control for grid-tied inverter. Although some papers
have studied grid voltage observation methods, they are sensitive to DC offset. In this Section, an improved is
designed based on the backstepping design approach, aiming at estimating the grid voltage without static error
with enhanced insensitiveness to DC offset.

Design of improved grid voltage observer
First, the conventional sliding mode grid voltage observer shown in (5) is revised as (10), where 7 is a parameter
that provides a new degree of freedom to design the observer immune to DC offset.
ds 1 o .
7 = 7 (ap — Riap — &ap + kisgn(ias — iap))
ot (10)
deag
dt

=Néap — k2sgn(iap — 1ap)

According to (2), and (10), it can be deduced that

W = %(—R(ia@ —iag) — €aptéap — kisgn(ias — ias)) (1)

When the current zero reduces to zero at steady state, it can be calculated that
€ap — eap=hk15gn(ias — tap) (12)

Then, substituting (12) into the second equation of (10), it is obtained that
déns . k

2 A
- aB — 7 \€aB — €En 1
g €as kl(eﬁ €ap) (13)
Based on (13), it is further deduced that
5. N
Gp=508 2 (14)

eag S—n+A

Based on (14) and (6), it is easy to find that if #=jw, the observer shown in (10) will be the same as the
conventional one. However, as analyzed before, this observer cannot eliminate the effects of DC offset. So, here,
1 is redesigned based on the backstepping design approach, aiming at estimating the grid voltage without static
error with enhance insensitiveness to DC offset.

Here, a transfer function G, shown in (15) is predesigned since it can eliminate the impacts of DC offset®.

As
— > 1
Gs $2 4+ s + w? (15)

Then, based on the backstepping design approach, it is assumed that G, = G,. Thus, it is easy to deduced that

Finally, by substituting (16) into (10), an improved sliding mode grid voltage observer is designed, as shown
below.

dieg 1 5 R . 5
dtﬁ = 7 (Uap — Riap — €ap + kisgn(ias — tas))

déans w? A (17)
B = g Ces — kasgn(ias — tas)

Stability analysis
To ensure the stability of the proposed grid voltage observer, theoretical analysis is carried out here based on the
Lyapunov theory.
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First, a Lyapunov function is designed as (18) to ensure the stability of the current observer.

1. 4
Vi = 5 (iag —tas)’ (18)
Then, it is deduced that
dVi R,. 5 \2
_ _ _ 19
T L( aB —tap) +A (19)

where A = %(iag — ’za@)(éa@ — €qB — klsgn(iag — ;:a@)).
To ensure the stability of the observer, dV,/dt should be less than zero. So, the term A can be designed to be
less than zero.
When tag — 2ap > 0, it can be deduced that
1 R

A= Z(iaﬂ —%04)(€ap — €ap — k1) <0 (20)

So, it is calculated that

kl > éaB — €qp (21)

Similarly, when iap — tas < 0, it can be deduced

k1> —(éap — €ap) (22)

As a result, it is concluded that

k1> |éag — ea5| (23)

Then, the stability of the grid voltage observer shown in the second equation of (10) is analyzed, whose transfer
function is (15). According to (15), it is easy to deduce that A should be larger than 0 to make the poles on the left
side of the s-plane. Thus, since k, is larger than zero according to (25), k, >0 is deduced.

So, the proof is completed.

Feature analysis
From the above deduction, it is known that the transfer function of the proposed grid voltage observer is
depicted as (15).

According to (15) it is easy to found that

Ajw

—_— e =1/0°
—w? + Njw + w? 24

G3(s=jw) =

Equation (24) means that the proposed grid voltage observer also can observe the grid voltage accurately without
steady state error, which is the same with the conventional method.
Meanwhile, according to (15) it is easy to found that

A0

= 0/0° 25
02 + A0 + w? 020 25)

G3(s=0) =

Equation (25) that means for the DC offset signal, the amplitude and phase generated by the proposed grid
voltage observer are both equal to zero, indicating that the proposed grid voltage observer is immune to DC
offset, which overcomes the drawbacks of the conventional method.

Additionally, it is also easy to found that

As _
24+ As+w?
1

V@ =0t/ wn)?)’ +1

Gl(s:jwh) =

2
Az —tan"* 7)\(% (26)
2 w? — w?

Equation (26) means that for the high frequency signal, the amplitude and phase generated by the proposed grid
voltage observer are not equal to zero, indicating that if there are some unwanted high frequency signals, the
observed grid voltage will also be affected. Furthermore, similar to (9), from (26) it is deduced that a smaller A is
preferred since the influences of the unwanted high frequency signals can be reduced.

To further evaluate and compare the performance of the proposed grid voltage observer with the conventional
method, the bode diagram of G, is plotted with different values of A, which is shown in Fig. 4.

Different from Fig. 3, it is seen from Fig. 4 that the proposed grid voltage observer has a strong band-pass
feature. No matter how large A is, the proposed grid voltage observer always has a low gain for the DC offset.

That's because G, _ is always equal to zero, as analyzed in (25), indicating that the influences of the DC offset
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Fig. 4. Bode diagram of G,.
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Fig. 5. Control block diagram of the proposed grid voltage observer.

can be eliminated completely. Moreover, A can be selected larger to improve the bandwidth of the proposed
observer since G, _ =0 remains unchanged. That are the main advantages of the proposed observer. For the
high frequency characteristic, it is seen from Fig. 4 that both the conventional and the proposed observer have
a similar magnitude at high frequency region. All the above analyses show the advantages of the proposed grid
voltage observer.

To make it more clear, Fig. 5 is given to illustrate the control block diagram of the proposed grid voltage
observer. After the grid voltage is observed, a phase-locked loop (PLL) can be utilized to get its phase angle,
which can be substituted into (3) to generate the reference current for the AC voltage sensorless predictive
current control system.

Proposed current DC offset estimation method

Although the proposed grid voltage observer shown in Sect. “Proposed grid voltage observation method” can
eliminate the influences of the current DC offset, it does not consider the effects of the current DC offset on the
predictive current control system. In this Section, the effects of the DC offset on the current control is analyzed,
and a new observer is designed to estimate and compensate this DC offset error.

Effects analysis of current DC offset
Due to the impacts of the current sampling circuits, both current gain errors and DC offset errors can be
generated®. In this paper, only the DC offset errors are considered.

If only i, and i, are measured with unexpected DC offset errors, it can be deduced that

7:aim =ta + Z'a.ioffset

i _m = 1b + b _offset (27)
7:c7m = _Z'a - Z'b - Z'aioffset - Z'bioffset
wherei ,i. ,andi_ _ are the measured currents, i ,and i are the unexpected DC offset errors, and
a_m’ 'b_m cm a_offset b_offset

i,, iy, and i_are the actual currents.
By transforming i, i .,andi__ to the stationary af reference frame, it is obtained that
am’ 'b_m cm
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iai'm =iq + ia_offset

18_m =18 + ?(Za_offset + 21b_offset)

where

w

ta = lq
VB, (29)
ig = ?(Zb —ic)

When iy and iB m A€ taken as the feedbacks, under the action the predictive current control, it will become

that -
fa m =15
{ - (30)

ig_m =1ig
As a result, due to the unexpected DC offset errors, the actual currents will become to

fo = G — la_of fset
VB, . G
ig =15 — ?(laioffset +2ip_offset)

From (31) it is seen that once there are some unexpected DC offset errors, there will be some obvious current
control errors too, deteriorating the control performance evidently. Thus, it is very necessary to study the current
DC offset error estimation and compensation methods.

Design of DC offset estimation method
When considering the effects of the current DC offset under AC voltage sensorless condition, (32) can be
deduced by substituting (28) into (2).

diaim _ Ldiaioffset

L = Ua — b m — %a offset) — Aa

T T U R(ia la_offset) — €

LdZ,B_m B Ld 3 (Zaioffset + 2Zbioffset) _ (32)
dt dt

. 3. . N
ug — R(ig_m — %(Zaioffset + 2iy_offset)) — €5

By rewriting (32) with lumped DC offset errors, (33) is obtained.

Ldiad# = Uap ~ Riag_m = €ap + dag (33)
where daﬁ =[d, dB]T and
da = Ria_ofset + L%
ds = Rﬁ(ikoffset +2ip_offset) + Ld?(i“—‘)ffset +2ib_offset) (34)

3 dt
Since the current DC offset are often DC signals, (34) can be further simplified as

da - Ria_offset

NEW . (35)
dﬁ = R?(Zaioffset + 27/l7717ff.9515)
From (35) it is seen that if du and d, are observed, the unexpected DC offset errors i offser and By offeet €A1 be

calculated. So, in this Section, a new sliding mode observer is designed to observe the [umped DC offset errors
d.
aﬁBased on (33), a sliding mode lumped DC offset observer is designed as

d%aﬁim
dt
dop = k3sgn(ias m — tap_m)

L = Uap — Riuﬁim - éaﬁ + daﬂ

where m_m = [%a_m, %g_m]T is the estimated current, Ela[g = [cza, cZg]T and k, is the observer gains.
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According to (33) and (36), it is deduced that

d 'oz m A‘oc m 2 ~
L (,L P dt ¢ b ) - 7R(ia/37m - iaﬁim) + daﬁ - daﬂ (37)

To ensure the stability of the proposed lumped DC offset observer, a Lyapunov function is designed as (38) firstly.

1. :
‘/2 - §(Z(x577n - Zaﬁ77rL)2 (38)

To ensure the stability, dV,/d¢ should be less than zero. Using the same analysis method as Sect. “Stability
analysis’, it is concluded that

ks > |dag| (39)

That’s the selection method of the gain k.
Finally, to get the lumped DC offset with reduced sliding mode chattering, a low-pass filter is utilized, and
the observed d.g is further expressed as

dop = S icwc kssgn(ias m —tap m) (40)

where w_is the cut-off frequency of the low-pass filter.
For clarity, Fig. 6 is given to illustrate the control block diagram of the proposed lumped DC offset observer.

The proposed AC voltage sensorless control method with enhanced robustness against DC
offset error .
Once both the grid voltage . and the lumped DC offset d. s are observed, the predictive current control
method can be redesigned to achieve AC voltage sensorless control with enhanced robustness against current
DC offset error. The detailed execution steps of the proposed method are depicted below.

Step 1: Observe the grid voltage €, based on (17) and calculate its phase angle.

Step 2: Estimate the lumped DC offset d g based on (36) and (40).

Step 3: Predict the current ia[S(k +1) based on (41) using the optimal voltage vector selected in the last control
period.

ias(h+1) = (1= T (Gas(F) — 922) 4 2 (s (k) — eas(h) (4

Step 4: Predict the current iaﬁ(k +2) based on (42) using the eight voltage vectors of the grid-tied inverter.

. R . da
dos(k+2) = (1= FTo)(Gas(k +1) = )+ )
L (B + 1) = 20p(k + 1))

L

Step 5: Calculate the reference current based on (3) using the estimated phase angle of the grid voltage, and
calculate the cost function shown in Fig. 2 using the eight predicted currents.

Step 6: Evaluate the cost function shown in Fig. 2 and select the voltage vector with minimized cost function
as the optimal one, which is finally used to control the grid-tied inverter.

Based on the above steps, AC voltage sensorless control with enhanced robustness against current DC offset
error is ensured.

Fig. 6. Control block diagram of the proposed lumped DC offset observer.
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Fig. 8. Simulation results of the two methods with injected voltage DC offset.

For clarity, Fig. 7 is given to illustrate the whole control block diagram of the proposed predictive control
method in this paper.

Simulation and experimental studies

To verify the effectiveness of the proposed AC voltage sensorless control method with enhanced robustness
against current DC offset error in this paper, comparative simulation and experimental studies are carried out
in this Section based on MATLAB/Simulink and HIL experimental platform. In simulation and experimental
studies, the DC voltage is set as 600 V, and the line-to-line AC voltage is set as 380 V. The inductance is set as

20mH, and the resistance is 0.01Q2. The control frequency is set as 10 kHz, and the deadtime is 2 ps. The detailed
simulation and experimental results with analysis are shown below.

Simulation study of the proposed grid voltage observer with DC offsets

To show the effectiveness and advantages of the proposed grid voltage observer in this paper, a simulation study
is carried out. The performance of the proposed method is compared with the method in?°. In this simulation, a
DC offset of 20V is injected into u and a DC offset of —15V is injected into u;. The results are shown in Fig. 8. It
is seen that when DC offset is injected, there is a small grid voltage observation error for the method in%, while
the estimation error of the proposed method is almost 0 at steady-state. That’s because the conventional method
cannot remove the influences of the DC offset, while the proposed method is immune to DC offset, showing the
effectiveness and advantages of the proposed grid voltage observer in this paper.

Simulation study of the proposed DC offset estimation method

To show the effectiveness of the proposed current DC offset estimation method, another simulation study is
carried out, where a DC offset of 5 A is injected into i , while a DC offset of ~2.5A is injected into i;. Figure 9
shows the simulation result of the estimated current DC offset using the proposed method. Figure 10 shows
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the actual currents without DC offset compensation, while Fig. 11 illustrates the results when the DC offset is
compensated using the proposed method.

It is clear to see from Fig. 9 that the current DC offset is well estimated by the proposed method, indicating
the effectiveness of the proposed method.

It is seen from Fig. 10 that obvious DC offsets are generated in the actual current when there is no
compensation, while the DC offsets are reduced to zero for the proposed method with compensation, as depicted
in Fig. 11, which further indicates the advantages of the proposed method.

Simulation study of the proposed AC voltage sensorless control method

To further show the robustness against current DC offsets of the proposed AC voltage sensorless control
method, another comparative simulation study is implemented. For the conventional method, both the actual
grid voltage and grid current are measured and used for predictive current control. Due to the influences of the
sampling circuits, both the measured grid voltage and grid current may contain unexpected DC offsets, affecting
the predictive current control performance. For the proposed method, only the current is measured, which may
contain DC offsets. However, this paper not only proposed a grid voltage observation method, but also designed
a current DC offset estimation and compensation method, which can remove the influences of the unexpected
DC offsets. To verify this fact, in this simulation, the control performance of the conventional method as well as
the proposed one are tested and compared with unexpected DC offsets. The results are shown in Fig. 12 and 13,
respectively. In this simulation, to simulate of the effects of the sampling circuits, a DC offset of 20V is injected
into the measured grid voltage u . Meanwhile, a DC offset of 5 A is injected into the measured grid current i,
and a DC offset of —2.5A is injected into the measured grid current iy
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It is seen from Fig. 12 that the conventional method is very sensitive to current DC-offset. Without
compensation, the THD of the current is quite large with DC offset. For the proposed method in this paper, it
is seen from Fig. 13 that the THD of the current is quite small without DC offset, indicating the effectiveness of
the proposed method in this paper again.

Experimental study of the proposed grid voltage observer with DC offsets
To further show the effectiveness of the proposed method in this paper, experimental studies are carried out
based on HIL experimental platform shown in Fig. 14, which is based on the Xilinx Kintex-7 160 T field
programmable gate array controller.

First, an experimental study is carried out to show the robustness of the proposed grid voltage observer
against the DC offsets. In this experiment, a DC offset of 20 V is injected into u_ at ¢, instant and a DC offset of
—-15V is injected into Ug at t, instant. The experimental results are shown in Fig. 15 and 16.
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It is seen from Fig. 15 that when DC offsets are injected suddenly, obvious grid voltage observation errors are
generated, which are about 8 V and 7 V respectively. The results show that the conventional method in% is very
sensitive to DC offset, resulting in poor grid voltage observation performance.

It is seen from Fig. 16 that when DC offsets are injected unexpectedly, obvious grid voltage observation errors
are also generated suddenly. Fortunately, it is seen that the error e, — &, at t, instant is decreased to zero fast,
and the error eg — €g at t, instant is also decreased to zero quickly. At steady state, the grid voltage observation
errors are both 0 for the proposed method, which shows that the proposed grid voltage observer is robust against
DC offsets, indicating its better grid voltage observation precision.

Experimental study of the proposed DC offset estimation method

Second, to show the effectiveness of the proposed current DC offset estimation method, another experimental
study is carried out, where a DC offset is suddenly injected into the current at ¢, instant, where the measured grid
voltage is used for predictive control. The estimated current DC offsets are shown in Fig. 17. Figure 18 shows
the current waveforms without DC offset compensation, while Fig. 19 shows the current waveforms with the
proposed DC offset estimation and compensation method.

It is seen from Fig. 17 that by using the proposed sliding mode lumped DC offset observer, the unexpected
current DC offsets can be estimated precisely and quickly. The convergence time is about 340ms and the steady-
state estimation error is very small. That shows the validity of the proposed current DC offset estimation method.

From Fig. 18 it is seen that under the effects of the injected current DC offsets, the actual current will have
obvious DC offsets if there is no compensation, deteriorating the control performance heavily. That shows
the badly effects of the DC offsets as well as the necessary and significance to estimate and compensate the
unexpected current DC offsets.

From Fig. 19 it is seen that when unexpected current DC offsets are injected at ¢, instant, large current
control errors are generated suddenly. Fortunately, under the action of the proposed DC offset estimation and

Scientific Reports |

2025 15:41299 | https://doi.org/10.1038/s41598-025-25183-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

o

“

B o — g e SOV Ao

0
0 -\

—

. 14
»»»»»»»»» vl U L e e 20ms/divy

(a) The waveforms of the grid voltage e,

S (SOV/divy

b
~250V/div) cesnesnnsfennasncadennannnas e 2Omsfdiyy
E‘—»

(b) The waveforms of the grid Voltagé ep

Fig. 16. Experimental results of the proposed method in this paper with injected voltage DC offset.

.................................... oo SAAY)
............................................. r\ﬁ"'_-:——
o \.
0 .t.ﬁn°"§°. UM / 0 WU, S O T ——
............................ ip_offset. SA/dh PETEES
13 340ms
...................................................... (1G0ms/div) -

Fig. 17. Experimental results of the estimated current DC offsets o offet and i 6 offet

....... CDms/diy-

-~

Fig. 18. Experimental results of the actual current without compensation.

compensation algorithm, the current control errors are reduced quickly, and the three-phase current goes
back to steady state without DC offset. That shows the effectiveness of the proposed DC offset estimation and
compensation algorithm.

Experimental study of the proposed AC voltage sensorless control method

Third, to further show the robustness against current DC offsets of the proposed AC voltage sensorless control
method, another comparative experimental study is also implemented. The experiment condition is the same
with the simulation condition depicted in Sect. “Simulation study of the proposed AC voltage sensorless control
method”. The results are shown in Fig. 20 and 21, respectively.

From Fig. 20 it is seen that the actual currents of the conventional method are distorted with obvious DC
offset. That’s because the voltage DC offset affects the phase angle of the grid voltage, resulting in distorted
reference currents. Meanwhile, the current DC offset affects the actual currents. As a result, both distortion and
DC offset are generated. Consequently, the THD of the current is increased to 7.8%.

From Fig. 21 it is seen that although voltage and current DC offsets are injected, the actual currents at steady
state are still satisfactory without DC offset and distortion. The THD of the actual current is 4.6%. Compared
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Fig. 20 with Fig. 21, it is clear to see that the proposed method in this paper has strong robustness against DC
offsets, improving the current control performance significantly.

All the above experimental results verify the effectiveness and superiority of the proposed AC voltage
sensorless control method with enhanced robustness against DC offsets.

Experimental study of the parameter sensitivity

As a model-based method, the proposed AC voltage sensorless predictive current control method relies on
the parameters of the grid-tied inverter. Typically, the inductance often has a large influence on the proposed
observers®’. So, in this section, the influences of the inductance on the proposed grid voltage observer and the
current DC offset observer are tested under different conditions.

First, the influences of the inductance on the proposed grid voltage observer are tested, where the inductance
used in the control algorithm is changed from 0.02H to 0.015H, 0.02H, and 0.025H.

Figure 22(a) illustrates the results of the conventional method, while Fig. 22(b) depicts the results of the
proposed method.

It is seen that when there is an inductance error, obvious grid voltage observation errors are generated for the
two methods. That shows the sensitivity of the two grid voltage observers, which are the common demerits of
the model-based observers. Fortunately, the grid voltage observation error is quite small, which does not have
significant effects on the AC voltage sensorless control.

To overcome the influences of the inductance, inductance estimation methods should be further studied in
the future.
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Second, the influences of the inductance on the proposed current DC offset observer are tested, where the
inductance used in the control algorithm is changed from 0.02H to 0.015H, 0.02H, 0.015H and 0.025H. The
results are shown in Fig. 23.

It is seen that when a current DC offset of 5A is injected suddenly, the observed current DC offset can
converge to 5A quickly. Then, when the inductance changes suddenly, the observed current DC offset can
still converge to 5A quickly at steady state. That means the proposed current DC offset estimation method is
insensitivity to the inductance mismatches at steady state, showing its advantages and superiorities.

Comparative analysis
To compare the advantages of the proposed method with other methods presented in the past, a comparative
analysis is conducted in this section, as shown in Table 1.

For the methods proposed in?’-2}, although AC voltage sensorless predictive current control is achieved, both
the observed AC voltage and the predictive current control system are sensitive to current DC offset.

For the methods proposed in?*, AC voltage sensorless predictive current control is also achieved. However,
the designed AC voltage observer has a weak band-pass characteristic. That means this observer only can reduce
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Methods AC voltage sensorless | Insensitive to current DC offset

2021 Yes No

2 Yes No (Only can reduce the effects of current DC offset to a certain extent)
28-32 No Yes

The proposed method | Yes Yes

Table 1. Comparative analysis.

the effects of current DC offset to a certain extent, rather than eliminating. Moreover, the influences of the DC
errors on the predictive current control are not addressed in this paper.

For the methods proposed in?*-%2, the current DC offset is estimated and compensated using different
methods. However, in these methods, AC voltage sensorless control cannot be achieved.

Up to now, few papers have studied the AC voltage sensorless predictive current control method for grid-
tied inverter with enhanced robustness against current DC offset. So, in this paper, new methods are proposed.

First, an improved grid voltage observer is proposed, which can eliminate the effects of the current DC offset.
So, compared with the methods in?*2!, and?®, AC voltage sensorless control is achieved immune to current DC
offset.

Second, a new DC offset observer is designed in this paper, which can observe the current DC-offset well
without using AC voltage sensors. So, AC voltage sensorless predictive current control immune to current DC
offset is also achieved.

In a word, for the proposed method in this paper, both the influences of the current DC offset on the
grid voltage observation and the predictive current control are eliminated at the same time, overcoming the
drawbacks of the methods in2%21-2> and?8-32.

Conclusion

In this paper, a new AC voltage sensorless predictive current control method for grid-tied inverter with
enhanced robustness against DC offset is proposed. First, a new grid voltage observer is developed based on
the backstepping design approach, which can remove the effects of the current DC offsets on the grid voltage
observation. Second, a new lumped DC offset observer is designed, which can eliminate the influences of the
unexpected current DC offset on the predictive current control. Third, comparative experimental studies are
carried out, which verify the effectiveness of the proposed methods in this paper.

Meanwhile, it should be noted that the mismatch of the inductance has an obvious influence on the
proposed grid voltage observer, which is a common drawback of the model-based observers. So, in the future,
it is necessary to further study the inductance estimation method to enhance the parameter robustness of the
proposed method in this paper.
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able request.
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