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Abstract

Comparing with the LCL-type single-inverter parallel system, the multi-inverter
parallel system has more complex resonance characteristics which are generated
by three type resonance sources (reference current changing in the inverter control
system, reciprocal effect among multi-inverters and grid background harmonic) and
cause great negative effects on power system. In order to suppress the resonance
problem of LCL-type multi-inverters parallel system, a novel control strategy is pro-
posed in this paper based on model current predictive control (MCPC) and two-
degree-of-freedom control. Through MCPC, this strategy can reduce the number of
current inner-loop PI of control layer and remove PWM module. Then, a potential
robustness can be obtained. From the outer loop of control layer perspective, because
MCPC's value function consists of inverter's output current and reference current
of control layer inner loop, they can be approximately regarded as equal. And then
through constructing the inverse model of control object, the two-degree-of-freedom
control can be introduced to realized transfer function unitarization of control layer's
outer loop, so that the order difference between numerator's highest order term and
denominator's highest order term of inverter resonance transfer function can be re-
duced. Accordingly, it can be found that with the three type resonance sources, there
is no peak value in their resonance transfer functions and their gains all present atten-
uation effects. Therefore, the resonance problems of multi-inverter parallel system
can be eliminated. Through the theoretical derivation and simulation results, it can
be proved that the proposed method can not only enhance the transient performance

of multi-inverter parallel system, but also its resonance problems.
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1 | INTRODUCTION

In the past decades, renewable energy sources like wind tur-
bines or photovoltaic systems have gained more and more
importance. Therefore, distributed generations (DGs) have
developed rapidly.l'4 In practice, DGs are usually combined
into a microgrid or DG subnetworks. It means multiple DGs
are connected to grid in parallel mode.’

At present, DGs are normally connected to power system
by grid-connected inverters. If these grid-connected inverters
are directly accessed to power system, there will be abundant
harmonics delivered into power system in the form of invert-
er's output current.® For reducing the total harmonic distor-
tion (THD) of inverter's output current, filters are usually
adopted. Because LCL-type filter has better high-frequency
ripple suppression effect and smaller inductance value, they
are widely used in the world.” However, LCL-type filter is a
third-order system which can make its transfer function has
a resonance peak. Thus, if there is no enough damping to
inhibit the peak of its high-frequency resonance, it will gen-
erate negative effects on the power system's stability.8 And
when multiple inverters are parallel access to microgrid or
DG subnetworks, because of the reciprocal effects among
their LCL-type filters, the resonance problem of the grid-con-
nected inverters become more complex.’

The resonance problems of multi-inverter parallel system
are mainly divided into three categories, namely inverter in-
ternal resonance, multi-inverter parallel resonance, and grid
background harmonic series resonance. For removing these
resonance problems, the passive damping and active damping
are the most widely used methods. Passive damping method
is mainly adopted to increase the system's damping coefficient
by series or parallel resistance on the filter's inductor/capacitor
component.m'13 And its advantages and disadvantages can be
found referring to."® Among them, the method which the resis-
tance is connected in series to filter's capacitor is the best method
for suppressing inverter's resonance. And its superior effect has
been also proved in."""13 However, the large power loss of damp-
ing resistor lowers inverter's utilized efficiency. For reducing the
power loss of damping resistor, a split-capacitor passive damp-
ing control method is proposed in.'* Nonetheless, this method
requires the transformation of the hardware circuit of the filter.
517 three kinds of active damping methods (inverter side in-
ductor current feedback, filter capacitor voltage feedback, and
filter capacitor current feedback) have been proposed to inhibit
inverter's resonances. Through increasing zero point of control
system's transfer function to enhance damping coefficient of res-
onance peak, all of them have better resonance suppression ef-
fects. However, when the impedance of the power grid changes,
the active damping performance of the capacitor current feed-
back will become worse and the system may even lose stabil-
ity,18 so that its robustness will be confined. Another type of the
active damping method is to add digital filters (namely low-pass

In

filter, lead-lag filter, and notch filter) in the inverter control
system's forward path.lg’21 By changing filter's parameters, the
low-pass filter can change the crossing point of the phase curve.
Then, it can attenuate the resonance peak to a certain extent."”
The effect of lead-lag filter is similar to low-pass filter. It can
also change the crossing point of the phase curve. Moreover, the
lead of the phase can be realized by lead-leg filter.” The notch
filter can greatly attenuate the resonance peak, and through add-
ing a pair of zero points at the resonance frequency, it can also
cancel the inherent resonance under damped resonance pole of
LCL. And then, the damping characteristic of the system can be
changed.21 However, this kind of active damping method needs
accurate system parameter information (such as filter resonance
frequency). Therefore, its robustness is obviously insufficient.
Although adding online system parameter identification method
may improve control system's robustness, it can still affect the
system's power quality.21

In addition to the above two types of increasing damping co-
efficient methods, the grid-side voltage full feedforward method
is proposed to suppress the resonance caused by power system
background harmonics in.2? However, this method cannot sup-
press inverter's internal resonance and multiple inverters' par-
allel resonance. In,” through introducing current feedback for
PR current control, the third-order model of LCL-type filter is
transformed to a first-order model for suppressing inverter's res-
onance. However, dynamic delays character of PR controller can
also affect inverter's robust performance as well as active damp-
ing method. In,** inverter impedance is reshaped by second-or-
der-generalized-integrator, so that inverter's resonance caused
by microgrid's high-frequency harmonics can be suppressed.
Nevertheless, reshaping inverter impedance may influence the
tracking accuracy of inverter's output power. Through construct-
ing the cancelation function between zero and resonant pole
points, a pole-zero configuration strategy is proposed to inhibit
inverter's resonance in.> However, this method needs compli-
cated mathematics processes. And if there is deviation between
zero and resonant pole points, the suppression effects of invert-
er's resonance will be affected. Therefore, it is necessary to pro-
pose a new method which has simple structure, superior robust
performances, and excellent resonance suppression effects.

Considering the above research shortage, a novel method
is proposed for eliminating resonance of multi-inverter paral-
lel system in this paper, which mainly consists of MCPC and
two-degree-of-freedom control. Through MCPC, the number
of current inner-loop PI of control layer and PWM module
can be removed, so that the fast dynamic response and pro-
vides a potential robustness can be obtained. And from the
outer loop of control layer perspective, the transfer function of
inverter's output current and reference current can be approx-
imatively regarded as equal by the MCPC's action. In outer
loop of control layer, the two-degree-of-freedom control is in-
troduced to realized transfer function unitarization. Therefore,
the order difference between numerator's highest order term
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and denominator's highest order term of inverter resonance
transfer function can be reduced. Accordingly, facing the three
type resonance sources, there are no peak values in their reso-

nance transfer functions and their gains all present attenuation
effects. Therefore, the resonance problems of multi-inverter
parallel system can be eliminated.

2 | MULTIGRID INVERTER
SYSTEM WITH TRADITIONAL
CONTROL METHOD

2.1 | Multigrid inverter modeling

Figure 1 shows the traditional control block diagram of three-
phase inverter grid-connected structure including double

loop control.?%%’ According to Figure 1, U(s), UJ(s), I.(s),
and /,(s) can be expressed as follows:

U(s) =AU (s)+BI(s) = BI, ,,(s)
U.(s)=CU(s)— CU,(s)—DI,(s)

(1)
L(s)=FU,(s)
Ig(s) =EU_.(s) —EUg(s)
Here
( sz | KK Cs 0
0 —K,nK Cs
o | KpnGre® 0 o
| 0 _prmGPR(s)
_ 1 1
0 L9 — 0
. Cs2 s _ Lgs
=17 -L-LDzlﬁ L]"‘ 0 L
L L,,Cs? Cs Les
[ Cs 0 _ 2Kzw.s
F= 0 Cs ] ) GPR(S)_KP-'-MIjm

U(s) and U(s) are inverter's output voltage and filter's

capacitor voltage, respectively. /,, /., and I, ., are grid-con-

nected current, filter's capacitor current, and reference cur-

rent, respectively. Gpp is PR controller. K

pwm 18 INVETter's

equivalent gains. L;, and L, are filter inductances. C is filter
capacitance. K, is the capacitor current feedback coefficient.
Based on Figure 1 and (1), inverter's Norton equivalent model
can be shown as Figure 2.

Here, G, is the control coefficient of the controlled source.
Y; and Y are the inverter's output equivalent admittance and
gird equivalent admittance. I;‘ is the inverter's output ref-
erence current. u, is the voltage of power system. And ac-
cording to Figure 1 and (1), the coefficients of the Norton
equivalent model can be expressed as:

K,mGpr(s)
Gi(S)Z pwm PR
C(s)
L,Cs’+K,,,,K.C-s+1
dYi(s)=— == 3)
C(s)
C(s)=L,L,C-5’+K,,, K.L,C-s
+(Ly, +L)s+K,,,,Gpg(s)

Therefore, according to Figure 2 and superposition theo-
rem, if there were multiple inverters connected to the grid in
parallel, their equivalent model can be seen in Figure 3

From Figure 3, the grid-connected current expression of
the ith inverter can be obtained by node voltage method and
it can be expressed as:

L) =R+, Y| Py(s)=Sei()U,(s)
t=1,t#i
T V() +Y5(s)
R(s)=2 Gi(s)
2 Yi($)+Y(s)
] i=1 @)
P, ()= M’t e2.x]
; Yi($)+Y7(s)
5,52 OB
Zl Yi(s)+Y(s)

Here, Y; and G; are the ith inverter's output equivalent admit-

tance and its equivalent controlled source's control

U

igiref - Grr Kpum

sL,

FIGURE 1 Control block diagram of

three-phase inverter
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FIGURE 2 Norton equivalent model of inverter

coefficient (i = 1, 2..., n), respectively. /; and I;i is the ith

inverter's output current and its reference value, respectively.

According to (4), the ith inverter's output current, [,
mainly contains three excitations, namely inverter's own exci-
tation, other inverters' excitation, and grid power's excitation.
Therefore, the resonance problems of multi-inverter parallel
systems can be divided into three categories which are invert-
er's internal resonance, multi-inverters parallel resonance,
and power grid's series resonance.

2.2 | Multi-inverter internal
resonance analysis

For facilitating analysis, the first inverter is seen as an ex-
ample. Then, the transfer function of its internal resonance is

I, (s) _ (n=1DY,(s)+Y(s)

R(s)= Gi(s) Q)

r nY,(s)+ Y7 (s)

PCC

parallel system

Norton equivalent model
of Multi-parallel inverter

Here, n is the number of inverters. According to (5), Figure 4
shows the Bode diagram of the first inverter's internal reso-
nance. From Figure 4, when the number of inverters is greater
than one, there are two resonance peaks in the first inverter's
internal resonance curve and the gain of high-frequency reso-
nance is larger than the gain of low-frequency resonance. With
the number of inverters increasing, the resonance peaks of
high-frequency band remain unchanged, but resonance peaks of
low-frequency band move in the direction of low frequencies.

To analyze the interaction between inverters on their res-
onance characteristics, the second inverters are also adopted.
Then, the transfer function of their parallel resonance can be
expressed as:

_Is_l_ —Y,(5)G,(s)
Pris)= I, nYy(s)+Ys) ©

According to (6), Figure 5 shows multi-inverter's parallel
resonance Bode diagram. From Figure 5, there are also two
resonance peaks in resonance curve. And other characteris-
tics of their resonance curve are the same as inverter's inter-
nal resonance.

The series resonance's transfer function between the out-
put current of first inverter and voltage of power grid is

I, (s) _ Y (s)- Yr(s)
Uy(s)  nY(s)+Yr(s)

Sp1(5)= (7

According to (7), Figure 6 shows series resonance Bode
diagram of the output current of first inverter and voltage of
power grid. According to Figure 6, there is only resonance
peak in each resonance curve. And with the number of in-
verters increasing, the resonance peak will move toward the
low-frequency band.

I(s) PCC Yr
1 G L (9) ne "
Li(s)
Go(9)12'(s) s
)
1)
Gl($) L' (5) Yg(s
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Bode Diagram
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FIGURE 4 Internal resonance Bode diagram of multi-inverter

parallel system
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FIGURE 6 Power system background harmonic series resonance
Bode diagram

3 | SUPPRESSING MULTI-
INVERTER RESONANCE WITH
NOVEL CONTROL METHOD

In,”® the two-degree-of-freedom control method was adopted
to unitize the transfer function of control layer. However, there
was pure differential element in current inner loop of control
layer. In that case, when the inverter coped with the above
three type resonances, the stability of its control system would
be greatly affected. Therefore, for removing the influences
from pure differential element, MCPC is adopted to replace
two-degree-of-freedom controller in the current inner loop of
control layer. Nevertheless, the two-degree-of-freedom con-
troller in voltage outer loop of control layer is still unchanged,
so that the control layer's robustness can be also enhanced.

3.1 | Design of control layer inner loop

Figure 7 shows MCPC system's block diagram.29 Here, (k) and y(k)
are the input and output signals at time k, respectively. According to
Figure 7, the transfer functions between r(k) and y(k) is
y(k+1)=ABx(k)+ACr(k) ®)
Here, C and A are transfer functions. B is the feedback control-

ler. 1/Z is time delay element. If r(k) and y(k) are multidimen-
sional variables, then

ryl (k+1)=ABx(k)+ACr, (k)

A

vilk+1)=ABx(k)+ACr,(k) (@i=1,--,n) C))

v, (k+1)=ABx(k)+ACr, (k)

Therefore, according to (9) and r,(k), y;(k + 1) can be ob-
tained. For tracking the reference value y (k+ 1) accurately,
the value function f; is introduced, so that f; can be expressed
as follows:

fi= [y k+ D=y, k+ 1)’ (10)

Substituting (9) into (10), the minimum value function
can be expressed as follows:

FIGURE 7 Block diagram of MCPC system
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FIGURE 8 Inner-loop schematic |_| |_| |_|
diagram of inverter control layer Vi —<-||_ Vis —1|-||_VT5 —1|-||_ iin
_| 1
o Y S
Ul ::C i f — HVW———
Uinc n : AN N N >
VT4 —<—i| VT6—<—:| VTz—d-i|
¢ T
Sa/h/c{} l 0
(4

ab
Value
Function aﬂ b l
) lWﬁ7k+lﬁF PLL| ane af
Tind ref da0/) fmeret Tina/p_K
- 1%q - —— |
Prediction 0 f
. i Model Ucu/ﬂik
ling_ref aﬂo inf_ref

f

(0]

o 1 If (12) is discretized at the time of (#, #;,), it can be
Jnin =m0 (fy, o f,) AD" amended as follows:
Then, y;(k + 1) corresponding to f,,;, can be adopted for i - Ty Wing k= Rininlina i~ ea ) +i
ina_(k+1) L ina_k
the control system. in
Figure 8 shows the inner-loop schematic diagram of in- ; _ T(ttip = RipLinling_ —gp 1) ; (14)
verter's control layer. From Figure 8, together with transfor- inf_kt1) ™ L, inp_k
mation of abc to aff, AC-side two-phase decoupled circuits
of the grid-connected inverter can be obtained as follows’: From (13), u;,,/u;, are controlled by g,, g, and g,.. Table 1
di,, gives three-phase inverter eight switching modes and the
=u U —R; 1

L ine — Yea in‘ina

in? (12)

di;
Lin d;:ﬂ =Upp—Uep— Riniin Y, 4(Adopted selected Switching stata

And the inverter output voltage can be expressed as Sampling Use i in %
follows: +

Uing = 5 <ga_§gb_§gc> Udc

13)

V2
Uing = T(gb _gc)Udc

Calculate current prediction
TABLE 1 Relationship between switching states and output *
voltage component

Calculate value function f°

State 2. 2 2. u, uy +

S, 0 0 0 0 0 7 <1

s, 0 0 1 0.8165U,, 0 {f=/:85=5}

S5 0 1 0  04083U, 0.7071U,, /\

S, 0 1 1 0.4083U, 0.7071U,, Yes — 79 No

S5 1 0 0 081650, 0U,, V

- ! 0 ! P S | Output switching state Si |
0.7071U,,
0

FIGURE 9 Flow diagram of implemented MCPC system
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FIGURE 10 Block diagram of the two-degree-of-freedom
control

relationships between these switching modes and their output
voltages. According to Table 1 and (13), each set of switching
modes corresponds to different values of u;,, and u;, ;. If the
voltage values corresponding to the eight switching modes at
time k are, respectively, substituted into (14), eight different
predicted results for the output current, i, ks 1/ijnpps1> CaN
be obtained. If inverter output current is set as the control
objective for its control system, the value function f; can be

expressed as follows:

. . 2 . . 2
fia= (lina,ref - linal,(k+1)) + (’mﬂ,ref - ’mﬂl,(k+1))
: (15)

. . 2 . . 2
fi_7 = (lina_ref - limx7_(k+l)) + (linﬂ_ref - linﬂ7_(k+l))

Here, i;,4.op and i, are reference currents in the aff coordi-
nate frame. Therefore, f,;, can be obtained by substituting (12)
into (10). Then, g,, g,, and g, corresponding to f,;, will be im-
plemented by the grid-connected inverter.

To elucidate the MCPC algorithm for the DC/AC con-
verter controller further, Figure 9 shows a flow diagram of
the MCPC algorithm, which was implemented in MATLAB.
From Figure 9, the control loop begins sampling the volt-
age and current signals. Then, the algorithm estimates the
grid-connected current by means of (13) and (15) and initial-
izes the value of f, which is a variable that will contain the
value of the lowest quality function evaluated by the algo-
rithm so far. Then, the strategy enters a loop where, for each

ld; Current inner-loop [ Voltage outer-loop
Uin Rin Lin lin : U, lg
c L, 1] % % l | Cx. 6
e Y i 1/Uing & ! le
ab _ﬁ)l—_¢ - abc ! v
% ap || R, abcd
Current Uca_k : 1 d
. > Prediction ———_————— ==
. . u
Sa [ S| S llnu_k/ ulna_k Model < B k :
|
.A '. . I
llna_(k+1) l l lmB_(k+1) lind_ref| U ref
I |
Value :m a_ref Otﬂ |
Function | : Ueq
ﬁ ‘linﬁiref . |
’ D linLref| u
qu cq_ref
|
I
T Two-daor A)
gq - - (
Control Layer Two-degree-of
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff 1 freedom control
ffffffffffffffffffffffffffffffffff !
uc,ref Cs Value ul_n N 1 lin e RCstl g
7| Recs+1 Function f; sLintRin Cs > U,

Current Prediction Model

A

f

Control layer

FIGURE 11 _ Structural block diagram of new control mode

(B)
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FIGURE 13 Control block diagram of novel control methods

possible grid-connected inverter switching state, the current
predictions can be obtained from (13) and (15) considering
voltage u;,q/u;,p. The quality function of (14) is evaluated
using the current predicted results. If, for a given switching
state, the evaluated quality function fis stored as f;, that lower
value is stored as f;, and the switching state number is stored
as §;. The loop ends when all eight switching states have been
evaluated. The state that produces f,,;, is identified by the
variable S, and will be applied to the inverter during the
next sampling interval, starting the MCPC algorithm again.
Therefore, the inverter switching state can be obtained, mak-
ing the output current the closest to its reference value.

3.2 | Model mismatched stability analysis of
MCPC algorithm

In,! Lyapunov's second method is used to analyze the sta-
bility of MCPC. However, they are all without considering

model errors. Therefore, if modeling errors exist, MCPC's
stability needs further discussion.

Based on (14), because of R;,T/L;, < 1, the following
equation can be obtained:

. Ts(uimx Kk~ Uecq k) .
Lin(kt1) = f t i (16)

in

According to,33 if the current errors of MCPC algorithm
converge to a compact set which can be expressed as:

TS
Q={e|||e||§<m> (¢+5)} (17

It can be obtained that the closed-loop system with MCPC
algorithm can be regarded as practically exponentially stable.
Here, e is error of predicting current, constant ¢ and ¢ are
the upper bound of the quantization error vector and the es-
timation error of back-emf vector, respectively. Considering
R, T/L,, < 1, (17) can be simplified as:

m=s

TS

9={€| ||€|IS—¢} (18)
Lin

Here, ¢ = ¢ + €. According to (16) and (18), if the actual value

and MCPC set value of inductance respectively are L;,,,,; and

mnreai
L,,, the error of prediction current can be defined as:
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Bode Diagram
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FIGURE 14 Resonance Bode diagram with novel method. (A)
Internal resonance Bode diagram of multi-inverter parallel system. (B)
Serial resonance Bode diagram of inverter parallel system. (C) Power
system background harmonic series resonance Bode diagram

llerate+ D) = [|i% k4 1) = i+ D|

L, \ . : T
_ <1_ >(l;;(k+1>—z,-,,(k>>—L 0

Linreal inreal

L. )
< (1— in )(i;;(k+1)—im(k)) +’ s (p”
Linreal inreal
1 Lo 0|+ d
" Linreal ¢ ” Linreal ? ’
Lin Ts
<|t- 2| e+ =0
inreal Linreal
(19)

According to (19), when L;, < L

in the following con-
clusion can be obtained:

inreal>

Lin
0< ‘ 1- <1
inreal 20
T T e
< —
Linreal ¢ Lin ¢

Therefore, the current error is continuously decaying, and
it will converge to a compact set which can be expressed as:

Q= < L
1—{e| IIeII_L (p} (1)

inreal

Comparing (18) with (21), it can be found that in the case
of L, < Lj,eq» €2; 1s smaller than Q, so that system's stability
can still be guaranteed. When L;,,,., < L;, < 2L the fol-

lowing conclusion can be obtained:

inreal>

Lin
0< ‘1 — <1
inreal
22
T, T (22)
> —
(4 L @

mn

L

inreal

According to (22), the current error is also continuously
decaying, and it will also converge to a compact set which
can be expressed as:

Q,= <L (23)
2= { el [lell —?¢}

m

Then, it can be found that system still remain stable.

Considering that inductor's parametric variation is usually
bounded within +10%, so that the proposed method in this
paper can meet the control requirements.

3.3 | Design of control layer outer loop

Figure 10 shows the block diagram of the two-degree-of-
freedom control.?® Here, R(s), Y(s), C(s), Gpp(s), P(s), and
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FIGURE 15 Bode diagram of

Bode Diagram
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TABLE 2 Element parameters of control method

Parameters with traditional

method Parameters with novel method
L, 1.3 mH L,/R;, 1.3 mH/0.15 ©
L, 0.2 mH L/R, 0.2 mH/0.05 Q@
C 20 uF C/R, 20 uF/0.2 @
Ly 2 mH Ly 2 mH

K, 10 k; p 5

K, 10 ki g 50

Ky 200 ky p 10

o, 5 k, s 50

D(s) are the input signal, output signal, feedback controller,
feedforward controller, controlled object, and disturbing sig-
nal, respectively. E(s) is the error between input and output
signals. From Figure 10, the transfer functions between R(s)
and ¥(s), R(s), and E(s) are™

_ C()P(s)+Gpp(s)P(s) P(s)
YO=——"core O rempe P
1—P(s)G
E(s)= [ () pF(S)] R) (24)
1+ C®)PG)

If Gp(s) = [P(s)]”", (5) can be amended as:

_ P(s)

Y(s)=R(s)+ T35 CoPG) SPG) D(s) 0s)
0

EO=1cmre R

Therefore, a unitary gain in all frequencies band can be
obtained from the transfer function between R(s) and Y(s).
And through regulating C(s), D(s) optimal control can be
performed.

PR n Ll n Lol n PR n PR
10° 10! 102 103 104

Frequency (rad/s)

From the outer loop of control layer perspective, to-
gether with MPCP, the inner-loop reference current and
inverter's output current be approximatively regarded as
equal, so that their transfer function can be regarded as
unitization (namely i;/im =1/(T,+ )~ 1).34'36 Therefore,
according to Figure 10 and (24), if C is set as controlled
object, in order to unitize the transfer function between ref-
erence voltage, u, ., and capacitor voltage, u,, the voltage
outer loop of control layer is designed as Figure 11 shown.
From Figure 11, the feedforward and feedback outputs sig-
nals are as follows:

i u, i
‘mdfFF — G,LFF (S) cd_ref + .gd
Ling_FF Ucq_ref Leg
’:md,FB = Cy(s) Ued_ref —Ucd
3 linq_FB ucq_ref - ucq (26)

Cs
Curr )= R e

u,

Ci(8) =k, =
Here, k, , and k, ; are the proportional and integral gain of
the outer loop feedback controller, respectively. L;, and C
are the inductance and capacitance of the LC filter, respec-
tively. R;, and R, are the resistors associated with L;, and C,
respectively. C° /C? is the decoupling terms of C on the d/q
axes. Then, according to (26), the equation, u:" Ju,=1, can be
realized.

3.4 | Design of application layer

Based on the aforementioned control layer structure, owing
to most DGs operate in the mode of current source, the de-
coupling impedance Z, = R, + jwL, is added. And together
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FIGURE 16 Simulation results of internal resonance

with LC type filter, it can realize the harmonic suppression
function of LCL-type filter. Then, the control layer reference
voltage u, ,.ris

u u R i k; i -1
cd_rej d d_re) il d_re) d
of p g 'g of ( ki p ) .g of .g
Ueq_ref Upg f Eg Leq_ref Log_ref ~lgq

27)

Here, u, /u,,, and i,y i, .rrepresent the d/g axis component
of the grid-connected voltage and reference current, respec-
tively. R, and L, are the decoupling resistance and inductance,
respectively. k; p and k; ; are proportional and integral gains of
PI controller. According to (27) and Figure 11, the control block
diagram of the novel control method as Figure 12 shown can
be obtained. Here, L7 and LY are the decoupling terms of L;,
on the d/q axes. From Figure 12, because of i;, ,/i;, = 1 and
U roftte = 1, the dynamic compensation is formed between the
orid voltage/inverter output current i /i, and the intro-

Ol Ll Zyl_i.lbl
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3.5 | Amplitude frequency
characteristics of novel control methods

Figure 13 shows the control block diagram of novel control
methods. From Figure 13, the control coefficient of the con-
trolled source, G,(s), and the inverter's output equivalent ad-
mittance, Y;(s), can be expressed as:

ig kiiPs+ki71
Gl = 0= T 2T R4k stk

s 2 g TKi p il (28)
Y.(s)= _8 = 5
i) u, |57 Lys?+ R, +k; p)s+k;

Comparing (28) with (3), it can be found that the order
and its difference between numerator's highest order term and
denominator's highest order term of G(s) and Y,(s) are obvi-
ously decrease.
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FIGURE 17 Simulation results of parallel resonance

According to (5)-(7), Figure 14A-C shows the resonance
Bode diagram with this novel method. From Figure 14, with
three type resonance sources, there is no peak value in their
resonance transfer function and their gains all present attenu-
ation effects, so that the resonance problems of multi-inverter
parallel system can be eliminated.

3.6 | System stability analysis

According t0,”*% in the proposed control model, there are
two factors for affecting the control system instabilities in
the weak grid case, namely PLL and grid-side voltage feed-
forward. However, PLL can be seen as a low-pass term,
so that PLL mainly affects the amplitude frequency char-
acteristics of the control system at low frequency. In this
paper, the resonance frequency is usually thousands of Hz.
Therefore, it is to ignore the interference from PLL in the

(D) FFT result of i; with (B)

Since voltage feedforward is introduced into the con-
trol layer, the stability of the system needs to be analyzed.
According to,* three conditions need to be met for the sys-
tem to maintain stability:

1. The current source itself is stable when unloaded, that
is, when the load is a short-circuit (Z, = 0)

2. The power grid is stable when supplied by an ideal current
source

3. Zy($)/Z,,(s) meets the stability criterion.

Here, Z, is the equivalent impedance of the grid and
Z,,,= 1/Y(s) is the equivalent impedance of the inverter. Both
(1) and (2) can be satisfied, only (3) needs to be analyzed.

Z,(s) _ Lys?
Zy(s)  L,s2+(R otk p)st+k;

29

According to (29), the Bode diagram with different L, can
be draw, as Figure 15 shows. Based on Figure 15, when the
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FIGURE 18 Simulation results of series resonance

equivalent impedance of the power grid changes in a large
range, the phase angle margin of Z(s)/Z,,(s) is still very
large, indicating that the system can maintain stability.

4 | SIMULATION AND ANALYSIS
In order to assess the proposed method's performance, based
on Figure 3 (n = 3) and Figure 12, a simulation model was
constructed in MATLAB/SIMULINK. Table 2 lists the simu-
lation parameters. Two different control methods were com-
pared. These two control methods included (A) Traditional
method,*! (B) Proposed method.

4.1 | Simulation of internal resonance

In order to simulate the internal resonance of multi-in-
onds, a series of
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10th-65th harmonics are injected into the reference current of
the first inverter.

The magnitude of harmonics with respect to the reference
current is 3%. Simulation results can be seen in Figure 16.
According to Figure 16A,B, after the time of 0.3 seconds,
the grid-connected current waveform has been severely dis-
torted with traditional method, and the THD value of g is
28.44%. It can be found that the harmonics with different
frequency are all be amplified. The harmonics with a fre-
quency of 600 Hz are amplified to 4.426%, and the harmon-
ics with a frequency of 2550 Hz are amplified to 25.35%,
which verified that the gain of high-frequency resonance is
larger than the gain of low-frequency resonance in internal
resonance.

After employing the novel method (B), the resonance sup-
pression ability of the inverter is greatly enhanced, as shown
in Figure 16C,D. The distortion of the grid-connected cur-
rent's waveform is small. The THD of i 2 is reduced to 4%, and
all harmonics exhibit attenuation characteristics.
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4.2 | Simulation of parallel resonance

To simulate the parallel resonance of multi-inverter paral-
lel system, the first and second inverters are adopted to an-
alyze the interaction between inverters on their resonance
characteristics. At the time of 0.3 seconds, harmonics are
added to the reference current of second inverter; then, the
first inverter's grid-connected current and its FFT results
are shown in Figure 17. As can be seen from Figure 17A,
due to the injection current of the second inverter, the
i, is significantly distorted with traditional method (A).
According to the FFT result in Figure 17B, the THD value
of i, is 13.14% and the harmonics with the frequency
of 2550 Hz is amplified to 11.12%. While, according to
Figure 17C,D, the waveform of Iy is basically not distorted
with the novel method (B), all the harmonics are well sup-
pressed, and the THD value of grid-connected current is
reduced to 2.02%.

4.3 | Simulation of grid background
harmonic series resonance

Here, the 13rd-50th harmonics are injected into the grid
voltage, u,, and the magnitude of the injected harmonic is
3%, with respect to the fundamental U It can be seen in
Figure 18A that the waveforms of i, are distorted in tradi-
tional method (A). The measured THD of the waveforms
of ig shown in Figure 18B is 5.90%. However, according to
Figure 18C,D, the i, is perfectly sinusoidal under the novel
method, and the FFT results show that the novel method is
effective in suppressing the series resonance.

5 | CONCLUSION

According to MCPC and two-degree-of-freedom control, this
paper proposes a novel control method for removing multi-
inverter parallel system resonance. Based on a theoretical
analysis and simulation verification, the following conclu-
sions can be drawn:

1. Compared with traditional methods, the inner-loop PI
controllers and PWM module can all be removed when
using the proposed method.

2. When faced three type resonance sources (reference cur-
rent changing in the inverter control system, reciprocal
effect among multi-inverters, and grid background har-
monic), through the MCPC and two-degree-of-freedom
control, the grid-connected inverter is very effective in
suppressing the resonances, and the quality of the grid-
connected current is well guaranteed.

3. Through MCPC and two-degree-of-freedom control, the
control layer can be recognized as unity gain, so that the
dynamic full compensation of the disturbance (power grid
voltage and inverter output current) can be realized and
its influence on the control layer of multi-inverter parallel
system can be removed.

4. The multi-inverter parallel system's simulation platform
is established by MATLAB/Simulink. Simulation results
verified that the proposed method can successfully sup-
pressing the resonance problem of multi-inverter parallel
system compared to traditional method.
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