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*Highlights (for review)

e An MPC-based current controlled for single phase grid connect .u ‘nverters has been
proposed.

e The grid impedance variation and its effect on resonance of LCL .'ters has been discussed.

e The results of the proposed controller have been compareu *i'n a classical PR controller.

e The results showed that the proposed MPC method, it contra 't with the PR controller, is

robust when grid impedance changes.
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Robust MPC-based Current Controller against Grid
Impedance Variation for Single-Phase Grid-Connected
Inverters

Abstract- Recently, LCL filters have been widely used in the output of single ;v se inverters. Since, the grid side
inductor in these filters is in series with the grid impedance at the Point 0 Comm. n Coupling (PCC), it may create
new resonances. This phenomena may take the control loop toward ins*_..ility. 1.\ nis case, in order to have a reliable
operation, the current controller should be insensitive to the grid n..pedar .e variation. In order to damp these
resonances, researchers have presented some methods using active or pass. /e damping. These methods added an extra
loop to the control loop, an extra passive component in the filter .~ extra sensor in the control process. But in most of
them, the complexity and the cost of controller have been inc.~ased. Therefore, presenting a simple control method
without extra sensor, passive component or extra arrang. me'.c can be a promising approach. This paper presents an
MPC-based current controller, which is simple and ro.'is. ~aa.nst the grid impedance variation and even the variation
of the LCL filter parameters. In contrast to classica, Muiu-.u0p controller like Proportional-Resonant (PR) controllers,
the proposed control method does not need »~ - narameter tuning. In the proposed controller, the switching plan and
duty cycles are determined by a cost functic ~ and a switching table. Therefore, at the same time with any variation in
grid impedance, the proposed control! .r ch .nge" the next switching state and duty cycle. Operating performance like
look-up table, searching in all posc ole switc..ing states to find the best state for the next switching period, makes the
controller adaptive and robust »~~inst the variation of LCL filter parameters. In order to confirm the effectiveness of
the proposed controller, simui.*c 1s and experimental results of the proposed controller are compared with a classical

PR controller.

Keywords: Model -redicti @ Current Controller (MPCC), Grid-connected inverters, Grid impedance variation,

Inductor-capacit~ ‘nduv... (LCL) filter, Proportional-Resonant (PR) controller.

. INTRODUCTION
Recently, ins.~a". of the L filters, the LCL filters are widely used in the output of single phase grid-connected inverters.

[1-2]. These filters have more advantages against the L type filters, they can attenuate higher-frequency harmonics
and also make the inverter operate in both stand-alone and grid-connected condition. However, the resonance
phenomena in these filters can create some instability concern [3-5]. Therefore, preventing the resonance phenomena

in these filters has involved the researchers to work on it. In this case, some studies introduced some solutions. Authors



in [6] surveyed the impact of controller bandwidth on the filter resonance frequency. The results show the control
frequency, as far as possible, should be lower than the resonance frequency of the filter. ) . .. » following, in [7-8], a
trade-off between the control frequency and filter resonance frequency is considered to ".ave an appropriate design for
these filters. But, in spite of an appropriate design for the LCL filter, due to grid imneda. ~2 variation in series with
the grid side filter inductor, the resonance frequency can change during control p oce s and (his variation can goes the
inverter control loop toward instability [9]. Therefore, In order to address this cha..~nge, the controller should online
damp the resonance frequency during the control process. In this case, s. me appl )aches have been presented. For
example, in [10]-[12], notch filters are used before the modulation '.art, i~ order to filter the determined inverter
voltage reference at the resonance frequency. In this method, by or."‘ne estim-_(ing the grid impedance, the resonance
frequency for the LCL filter is calculated and used for tuning tt.. notch fi er. In [13], authors proposed a robust Hoo
controller to make robust the control loop against the grid impedar.. ~ variation by adding an extra loop in the control
loop. In this approach, controller exhibits high gains around « ~ fundamental frequency, similar to the traditional
proportional-resonant (PR) controller. In [14], a wide da v (ng region for the LCL filter is proposed by adding a
capacitor current feedback to the control loop. Althcug.. all aforementioned control methods have robust and
acceptable performance in suppression the resonance, hut In these approaches, the controllers are forced to use more
sensors or their performance are depend or pruc ssing some online condition for online-gain tuning in the control
loop. Therefore, they made the controllers co. " @' d complex. In this regard, a control system can be more attractive
which no need to have an additional .~nsr. or - omplex computing for control loop. Recently, due to progress in the
industrial processors, researches .. model predictive controller have been a hot field. Model predictive controllers
have fast response, light comp'..«a. dnal and, easy implementation. These controllers are based on a cost function and
can simultaneously track multi-c “iect in control [15-16]. Therefore, the proposed controller in this paper is based on
a model predictive cont: “'ler (MP .) named model predictive current controller (MPCC). The proposed method does
not require any para’ eter tL "ing and it is not sensitive to the grid impedance variation. In the proposed approach, the
control scheme is hasc ' ~ a cost function and a switching table with some virtual vectors. Because of having a
processing proy. >rty like ook-up table process, the proposed controller adaptively changes the switching plan and duty
cycle in ea. 1 sv. " ~hing period when the grid impedance changes. Simulation an experimental results will show the
performance of | voposed controller. As it is mentioned, in order to prove the performance of the proposed controller
against the grid impedance variation, the simulation and experimental results are compared with a classical PR

controller.



The paper is organized as follow: first, the proposed method is introduced in section II; next, the robustness of the
proposed controller is discussed in section I11; then, simulation and experimental results of .. ~roposed controller are

compared with the classical PR controller in section 1V; and finally, the conclusion par’ 1s « ‘scussed in section V1.

Il. THE PROPOSED ROBUST MODEL PREDICTIVE CONTh.!

A. Principle of MPCC

Model predictive control design and implementation consist of the followi g three : eps:
e Using a model to predict the behavior of control variables for *.c hext swep time.
e Determining a cost function includes control objectives and ¢ ‘» cted sehavior of the system.

e Extract the appropriate command to minimize the cost functic ~ vaiue.

B. Modeling of the nowe. <tar &
Block diagram of the proposed MPCC method is giveninT . 1.

Full-Bridge inverter

. LCLFilter  ____ .
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) ) e ey
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Fig. 1. Proposed MPCC control block diagram for single phase inverter.



In order to track clearly the equations in the paper, the parameters have been named and lis’ :d as Table. I.

TABLE |
Parameter definition y
Ly Inverter side inductor
Lsg Grid side inductor
C LCL capacitor W
V(®) Grid voltage
Vi (1) Inverter output ‘oltage
Vae(t) De-link vuitage
g Costi.= Jon
ig*[k +1] Current reference (for tne ~ext switching period)
ig[k + 1] Predicted current (1. the r .xt switching period)
Vo avlk] The average of grid voltan~ “+er one sampling period
Vy av [k + 1] The average of grid voi.. 2 over one sampling period (for the
B next switching verw *
Vo av [k + 1] The avera_ . f gric vo!tage over one sampling period (for the
next switchi. ¢ . iod in o frame)
Vgﬁ,av [k +1] Thg av. e \,..' z ?d voltage over one sampling period (for the
switching p« “od in B frame)
Vinw avlk] or Vi [k]* | 7€ « 2rage of inverter voltage selected by cost function as
- inverter oltage reference
(54,5p) Switching states
Ts Switching time
Ty Duty cycle time
T, Zero cycle time
n The number of vectors

1) The proposed MPCC controller

In the proposec contro: ~r, the grid current reference for the next sample will be determined and the predicted current

is calculated fro,.> the & stem model. Finally, the grid current is controlled by a cost function as

g =i, Tk+1-i,[k+1] )

where i,"[k + 1] is the next sample of the grid current reference and i [k + 1] is calculated and predicted by the

system model, which is presented in the next sections.



2)  Calculation of the grid current reference (i;" [k + 1])

The current reference to achieve P*and Q" is determined from (2).

2 il

Tk+1 k+1] V k+1 ’VF
o [k ] k+1F 4V, . [k+1F [ sealKH] Vo bt ]]|Q*

9p_av L

)

ga av

where V4 op[k + 1] and Vyp 4, [k + 1] are the average of orthogonal compone. < for the grid voltage, which are
calculated by (15) and (16).

3) Calculation of the estimated currr at (i. "= + 1])

In order to calculate ig[k + 1], the inverter can be modeled by the . ~'low: .

ai,(©
V, ®O=L, ” +V.(0) 3)
where
di
Ve O =v g )+ Lfg N (4)
Substituting (4) in (3)
v, = e, 30, 90 -

dt ©dt
Assuming that the inverter works wit'. a f .ed f-aquency, the switching time is constant, T;. Rewrite (5) in discrete-

time shape and employing the Eul’ - equatiorn

K+ L LS SN Iy [k+1]—1,[K]

Vinv_avr".l_ g_av T fg T
S S

(6)

According to the dynam’c ap'.roximation of the LCL filter in [17], the LCL filter acts like an L filter when the LCL
filter is properly des'yned. In uiis case, the resonance frequency of the filter is higher than controller bandwidth.

Therefore, by approxi. ~atio~ of I [k] = I, [k] and I, [k + 1] = I, [k + 1] the predicted current can be obtained as

i, k1] = (LT—L)( oKV, LK)+ ()

where Vi, o[k, and V, o, [k] are the inverter output voltage and the grid voltage, the average amount over one

sampling period. Also, I, [k] and I, [k] are the inverter side and the grid side currents at the sampling point of [k].



By assuming the variation of the grid voltage over the switching period is linear [18], the variation of the grid voltage

over the switching period of [k, k + 1] assume to be equal to the variation over the switct . neriod of [k — 1, k] as

(8).

V, [k+1]-V, K=V, [K]-V, [k-1] (8)
Therefore, the next sample of the grid voltage can be calculated as
V, [k+1]=2/ [K]-V [k-" ©)

by helping a simple linear extrapolation as

V [k+D 2V, 03

v g_av K= —: (10)

and substituting (9) in (10), the average of the grid volta. = ov .. ...e sampling point of [k] can be calculated as (11).

2 1
Voo M=o K=V k1] (11)

The same calculation have been done for ¢ .culau 9 V; ,,[k + 1]. In this case, the variation of the grid voltage over

the switching period of [k + 1, k + 2] 2 .sume . " 2 equal to the variation over the switching period of [k, k + 1].

/o k+ 2~V [k+1] =V [k+1] -V [K] (12)
v, . k1] :V o [k+2] -2|-V o [k+1] 13)

5 3
V, o [k+1]= s [K] Vs [k-1] (14)

Therefore, (14) in o frame . n be written as
Vv k+1] = 5V K 3V k-1 (15)
gaiav[ + ] E ga[ ]_E ga[ - ]

Vo [k+1]=§Vgﬂ[k]—§Vgﬂ[k—1] (16)

where V. [k] and V,z[k] are the orthogonal components of the grid voltage calculated by an Orthogonal Digital

Signal Generator (ODSG) algorithm presented in [19].



C. Switching plan in the proposed MPCC
Switching space vector in a single phase inverter can be defined as

S =(S,+as,) U7)

where S, and S, are switching states and are determined as

B 1S,=1&S,=0 _J1S,=1&S,- N (18)
*10,5,=0&S,=1 *10,8,=0¢.5, =1
where a=e’/™. Finally, the inverter output voltage is defined as equatio’. (19
Vinv :Svdc (19)

1) Determining the inverter voltage . ~fere’.ce in MPCC.
The switching vectors in the proposed method are given in i~ 2 ™ _number of vectors in the proposed MPCC can

be increased as far as THD reaches within standard zone ‘’ectors ., MPCC are included four basic or real vectors and

several virtual vectors.

- v210) |
® Converter Re . . *0 t ’ V3, m n-1(m/n,0) ‘

W Converter ' irtual Vecl rs

| V3,m=1(1/n,0) |
e V1(0,0)]
] V4,m=1(0,1/n) \

V2 (1,0

] V4,rﬁ=n-1(0,m/n) \

V4 (0,1)
F' 4. 2. Voltage vectors generated by single phase inverter with virtual vectors.

2) Determination of the inverter voltage reference (Vi,,,,")

The inverter voltage 1n each switching period can be calculated by
C

Vi oKl =%vd (20)

where n is the number of vectors and m varies from 1 to n and implement in (20) to test all amount of V;,,,,_.y [k] the

in cost function. In this case, all values of V;,,, in (20) will be placed in (7) and i, [k + 1] is calculated.



Then, iy [k + 1] is embedded in the cost function (1). Any amount of i, [k + 1] minimizes the cost function, determines

the inverter voltage reference (V;,,,,"). Finally, duty cycle time (T,) for the modulation par* is . ~'culated by (21).

*

T.,0r,T, =T, @r

n

2
T — nv
4Ty

dc

3) Modulation in MPCC
After determination of V;,,,,” vector, this vector will be applied by switching tabic ‘iven in Table II. In this case, the
selected vector by (20) will be applied during T, and then the remained tin 2 of swii :hing time the zero vector should

be applied, zero time (T,).

where T,=T, -T, (22)
One sampling period in the proposed MPCC is shown in Fig. 3.
[k —1]T kT
- TS :
- m e »>
M To=T,—T,
_—
Fig. 3. Switching time in one sampling period.
The proposed switching table for applying . ~ vect rs are listed in Table II.
TABLE II
< witchiny, '~k 2 for applying vectors in the proposed MPCC
Ts
Dew *~d Selected T T
sectors vector a 0
’7 Positive Vsm Vs (10) V, (00)
'> 1. gative Vam V,(01) V,(11)
1’4 v, (00)
| Zero A TAEN

voltage to track the __..ent reference.

ROBUSTNESS OF THE PROPOSED METHOD
The proposed ¢ introl . ~thod is based on a switching table, where the algorithm searches the best amount of inverter




Variable Inductor

JRARA)

V_inverter Igrid V_grid
With variable phase P With ¥ (. e

Fig. 4. The crossing current of the line.

As shown in Fig. 4, when the inductor between the inverter and the ~ria cnanor s, the inverter should change the phase
in the output voltage to compensates this variation effects in orc~r to track the reference current. Otherwise, the grid

current shows the error and even instability. Therefore, the grid cu.ent can be written as

i _ [/inV,max Sln((pv—inv) B Vgrid,max n]n(gov—grid)
grid —

(23)

A

L

where Vipy max SIn(@y_iny) is the inverter output vorage, Vg4 max Sin(@y—grig) is the grid voltage and X, is the
inductor impedance between the inverter and the gr.." In the proposed control method, the algorithm searches to find

the best amount for the inverter voltage to * aun *he reference. Therefore, if the grid impedance varies, the selected

Ts
Lfi+Lfg

inverter voltage average is varied to hav: a sw.>'a peration. In this case, the first part ( ) in (7) is fix when the

Ts

inductor Ly, changes by grid impec .nce v *via";ons and the new amount of L, can’t update in . However, as

Lritlsg

the algorithm is based on switching table «nd cost function, this error will be compensated with another vector of the
inverter voltage. In fact, the v..iat" on of Lg, cannot make an error for the controller. For example, when the L, changes,
the measured current i,"<] ic charged in (7) and the controller has to change the inverter output voltage (V;,,[k]) in
order to minimize thr cost funcuon as Fig. 5. Therefore, the robustness of proposed method is due to the cost function

and the switching tab. > nati 2.



) T \
I [k+1]=—=—
g L +L

- ]

Vi lkl =V, ™ (i K]

Fig. 5. The principle of the predicted curn. “* equation.

Fig. 6 shows the inverter voltage references V;,,,," created by the \.*nosed MPCC controller for different L,. The grid
impedance (L,) changes from 1 mH to 10 mH and the inverw. " voltage reference has been recorded. As it is shown,

the proposed MPCC changes the phase of the inverter \ Nt ge reference to control the grid current when the grid
impedance changes. This phase change is carried out b_‘ sc'~cting the best vector in order to minimize the error of the

current reference and the grid current based on the ¢ >st tuniction.

400 f‘{?
448N

200
Lg=1mH

SN

M,

*
inv
o

i
T o NNl )
M, Wy
-200/x] 7 ]
- SNell el
-400
0.035 0.04 ).045 0.05 0.055 0.06 0.065 0.07 0.075
Time (s)
ig. 6. The inverter voltage reference under different L.
The control block diagr: n of che r.oposed MPCC is given in Fig. 7.
Increase the amount of the inverter voltage
>ference ¥, [k] by virtual vectors in positive cycle
Gate
_ Pulses
V (k] bred N No —»S1
—> redicting the .
R h .
next sample of ! g [k + 1] Cost Yes ngf;f;ng > 52
, 1 grid current Function > . B
gl . @ 1) applying Pulses f— 53
v (Table II)
-S4
No
.k
i, [k +l]

Decrease the amount of the inverter voltage
reference ¥, _[k] by virtual vectors in negative cycle

nv

Fig. 7. The control block diagram of the proposed MPCC.



The control flowchart of the proposed controller is shown in Fig. 8.

Determination of P*and Q* from

12

Determining the Current Reference i, "[k + 1] (2)

Predicting the Expected Current iy[k + ., (7)

NO
m=n
~
Yes

Switching Time C*

R
2
[ Switching . o, " l)
— -
D

Fig. 8. The coi. e

(V. Si AULATION RESULTS

~ art of the proposed MPC.

The performance of the proposed confrol 1..*7e ' ecen carried out in Matlab/Simulink using PLECS blocks. The

parameters of the system for both ¢ mu’.tion . and experiments are listed in Table Ill. In order to evaluate the

performance of the proposed con?

<ler, the results have been compared with a classical PR controller when the PR

controller is designed in a prop .« « *ndition, phase margin of 45 degrees. In this case, some case studies are conducted.

TABLE Il

Simulation and experimental parameters

Description Value

Grid Frequency
Grid Voltage

=27 x 50 rad/s

=230V
maximum Power P, =1kw
DC-bus voltage V. =400 V
Switching Frequency F,, = 10 kHz
LCL-Filter capacitance C=235F
Inverter Side Inductance Lfi =3.6 mH

Grid Side Inductance

Lfg = 708uH




A. Operating in Normal condition
In this case study, in order to evaluate both controllers in normal condition (L, = 1 mH" two steps in active and

reactive power have been done and the results are shown in Fig. 9. As it seen in Fig. 9 *“e proposed controller like

the PR controller precisely tracked the power references.

{ — ig 8 A/div PR controller Vg 200 V/div ig 8 A/div propos 1 com lar \

ANV ANEEY ANV AVERVANENYANENYA /\\ NN
&/ {43‘&/ \/ \

\
VAR VARV ARV RV R VAR VIR VIRV

_t
0.1 0.12 0.14 0.16 0.18 0.2 022 0.7« 0.26 28 0.3
Time [s]
1500 @ 1500[

—hw —PW)
——Q(var) ——Q(var)
1000 \ Lon0—
| \_
500 -

bOO‘
0 01
0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3
Time [s] Time [s]

(@ (b)
Fig. 9. Grid voltage and current in injecting active . d re. stive power: (a) proposed MPCC, (b) PR controller.

B. Operating condition in grid impedance variation,
Due to Table 11, the amount of the grid side inductor is ImH and due to the grid impedance is series with this inductor,

the grid impedance (L) is changed from. * mH t 5 mH. Fig. 10 shows the grid current for the grid impedance
variation from 1 mH to 5 mH. As < ow' in Fig. 10, when L, = 1 mH (the intended amount for designing PR
parameters) two controllers exactl* track the current reference without any error. When the grid impedance increase,
3mH,4mH, and 5 mH, the PR ~~ntroller nas not an acceptable response and it is unstable for 5 mH, but the proposed

MPCC remains stable withou. ~» oscillations against the grid impedance variations.
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C. Operating condition in filter parameter variation
In order to more evaluate the robustness of the pi.noseu controller the ratio of inverter side to grid side has been

Fig. 10. Grid current with variation of L, from . mH .0 o .nH: (a) proposed MPCC, (b) PR controller.

changed (both Lg; > Ly and Lg; < Lgr ) ar~ .~ injected current recorded as Fig. 11. As it is shown in Fig. 11, the

injected current by the proposed controller 15

10

ig (A)

-10
0

10 15
Lfi/Lig=3

Time [ms] —~

[

N

L
1C 15 20

Lfi/Lfg 1

Time | s]

Proposed MPCC

Current reference

o 5 10
Time [ms]

D. Operatiny - ondition in tracking step reference
In this case study, two controllers are forced to track a current reference when a step occurred in this reference. Fig.

15

20

10

ithe 4t any distortion and instability in all condition.

ig(A)

-10
0

10

ig(A)
o

-10
0

5 10
Lfi/Lfg=2
Time [ms]

15

20

~

N

5 10
Lfi/Lfg=0.5
Time [ms]
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= 11 Injected current by the proposed controller in different ratio of inverter side inductor and grid side inductor.

20

12 and Fig. 13 show the grid current for a step response reference operation from 5 A peak to 10 A peak for two

conditions, L, =1mH and L, =2 mH. As it can be seen in Fig. 12, the proposed MPCC has a faster dynamic response

and lower overshoot even for a normal condition compared with the PR controller.
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Fig. 12. Step response reference and grid current with the step from 5 A'to 10 A, inr wrma” uper. ‘ion Ly, = 1 mH: (a) proposed MPCC, (b) PR
controller.

In Fig. 13, when the grid branch inductance is increased to 2 mH (L, = 24 :H), by adding a series inductor to the grid

side filter inductor, the grid current oscillates for two cycles after ..~ step instant, while the proposed MPCC does not

show any distortion after the step instant.
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Fig. 13. Step response reference and ¢ «d current v. ¢h the step from 5 Ato 10 Ain L, =2 mH: (a) proposed MPCC, (b) PR controller.

E. Short circuit operation
In this case, a current referens 2 5 / is forced to track by both controllers and a short circuit occurs in the grid voltage

during injection current pr ,cess. Fiy, 14 shows the performance of both controllers in this operation. As it can be seen
from Fig. 14, in contrast tu . '@ PT. controller, the proposed controller at the grid fault and the clean fault time and has

a better performanct without any oscillation.
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2 0.25 0.
Time [s]
Fig. 14. The performance of both controllers in short circuit operation when L is 1 mH, (a) Proposed MPCC, (b) PR Controller.
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V. EXPERIMENTAL RESULTS
The same case studies used for the simulation tests have also been implemented by the ex .er.. ~ental setup. A single-
phase Danfoss inverter is connected to the grid through an LCL filter. The inverter is con olled by dSPACE 1007.
DC link is supported by an adjustable DC/DC converter. The experimental configu: “*ion 1. ~hown in Fig. 15. Fig. 16
shows the results for both controllers when the reference of the active and reactir 2 po *~r change from 1000 to 400 W
and 0 to 600 Var. This case is done for L, =1 mH. Fig. 17 shows the grid current aga. ~st the grid impedance variations
for two controllers. In this case, the grid impedance changes from 1 mH t. 3 mH y adding a series inductor to the
grid side filter inductor. As it is seen in Fig. 17, the PR controller is ¢ sing *_ .. > unstable when the grid impedance is
increased. On the other hand, the proposed controller is stable agan..* the . uriation of grid impedance. Finally, Fig.
18 shows the grid current when a step response occurs in the cur, t refr.ence and L, is 1 mH for both controllers.
As shown in Fig. 18, in contrast to the proposed controller, the PP ~~ ;oller creates a distortion when the step current

is activated.
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VI. CONCLUSION

In this paper, an MPCC current controller presented, where it is simple and does not necd any ~arameter tuning. In
the proposed method, the final switching pulse is determined by a cost function. In orc :r to ncrease the accuracy and
adaptability of the proposed MPCC, some virtual vectors have been applied by a sw. ~hing .ible. Against the multi-
loop controllers, which are sensitive to variation of the system parameters, th . prc ..~ MPCC controller is fully
adaptive and acts based on the real time conditions of the system. Some ~_._2 stu.,” have been done to prove the
effectiveness of the proposed controller in different conditions. In this ce e, the ' 2sults show: when the grid is in
normal condition, without variation in grid impedance, the proposed « ontr” .ie. has even more dynamic response and
lower overshoot in tracking the step reference. When a fault occurreu ™ the ygrid voltage during current injection, the
injected current by the PR controller makes some distortion in faul. . ™e a” d clean fault time while the injected current
by the proposed controller is without distortion. Also, wher th~ ~i~ npedance varies, in contrast the PR controller,
the proposed controller remains stable. In future, due to *~= simphw.ity, robustness and high dynamic characteristic of
MPC based controllers, these controllers can be a premising ~ontroller for grid-connected single-phase inverters with
the LCL filter at the output like PV inverters. Therefore, "hese controllers can be engaged to control MPPT in DC/DC

stage, DC link ripple reduction and inverter current coi..ol in a PV systems.
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