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Abstract: The asymmetric faults often cause the power grid current imbalance and power grid
oscillation, which brings great instability risk to the power grid. To address this problem, this paper
presented a modeling and parameter optimization method of grid-connected photovoltaic (PV)
systems, considering the low voltage ride-through (LVRT) control. The harmonics of the grid current
under asymmetric faults were analyzed based on the negative-sequence voltage feedforward control
method. The notch filter was added to the voltage loop to filter out the harmonic components of the
DC bus voltage and reduce the harmonic contents of the given grid current value. The proportional
resonant (PR) controller was added to the current loop. The combination of these two components
could reduce the 3rd, 5th, and 7th harmonics of the grid current and the output power fluctuation.
Then, the parameters of the inverter controller were identified by the adaptive differential evolution
(ADE) algorithm based on the sensitivity analysis. The effectiveness of the proposed method was
compared with two other strategies under the asymmetric grid faults. The suppression of DC bus
voltage fluctuation, power fluctuation, and low-order harmonics of the grid current all had better
results, ensuring the safe and stable operation of the PV plant under grid faults.

Keywords: photovoltaic systems; asymmetrical fault; harmonic analysis; parameter identification

1. Introduction

With the increasing demand for clean, safe, and efficient energy systems, the photovoltaic (PV)
technology has attracted extensive attention [1-5]. In 2003, the requirements of low voltage ride-through
(LVRT) for wind farms were added to the German grid code. Now the grid code has also been applied to
the photovoltaic (PV) system [6]. The PV system should keep its connected mode once the fault occurs
unless the fault causes the power system instability, and its inverter should make a rapid response
to the fault. Therefore, the grid-connected PV inverters have been implanted higher requirements,
especially those on the control under asymmetric faults.

Scholars have done a lot of research on the LVRT of PV generation systems. In [7], the conventional
power closed-loop is adopted to maintain the power balance between front and rear stages for PV
generation systems, which do not consider the asymmetric faults. However, the asymmetric faults
appear more frequently than symmetrical faults in the actual grid operation. The grid current contains
a large amplitude of negative-sequence components for asymmetric faults, which can lead to a high
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imbalance and harmonic increase of the grid current [8,9]. As a result, the inverter cannot operate
stably. Therefore, the control strategies have been proposed to improve the LVRT capability of the
inverter, such as the proportional-resonant (PR) control [10], the fuzzy logic control [11], and the
coordinated control of PV energy storage system [12].

With the development of digital signal processing technology, complicated control strategies
are applied to grid-connected inverters, such as the sliding mode control [13], the model predictive
control [14], the neural network control [15], etc. To reduce the complexity of the control system,
a robust control strategy without a phase-locked loop is used [16], which reduces the adjustment efforts
of additional controller parameters. The negative-sequence feedforward control strategy in the d-q
coordinate system has been proposed [17], but the negative-sequence voltage component is still not
well suppressed. The existing researches mainly focus on the suppression methods of active power
fluctuation [18], reactive power fluctuation [19], current harmonic [20], or combined targets [21,22].
However, there lack effective methods that can precisely analyze the harmonic components of
various variables and suppress harmonics on the premise of power fluctuation suppression under
asymmetric faults.

It is essential to obtain the parameters of the PV generation system [23]. Researchers have
tried to use the heuristic algorithm that has no strict requirements for the objective function of
identification [24-26]. The identification focuses on the parameters of PV arrays, controller, or limiters
of PV inverter [27,28], but less for the LVRT control parameters. The LVRT control should be contained
for the inverter that is the core of the grid-connected PV system, but its controller parameters are
not easy to be obtained [29]. The identification based on measured data [30,31] is one of the feasible
means to obtain parameters, which is an important link in standardized modeling. The appropriate
disturbance signals should be chosen for parameter identification [29]. The single disturbance excitation
method has been applied [32,33], but it lacks verification for various operating conditions.

Compared with previous studies, this paper is innovative in the following aspects:

(i)  The specific harmonic in the grid current and DC bus voltage was eliminated by the combination
of the notch filter and PR controller based on the harmonic analysis, which is beneficial to improve
the output power quality.

(ii) The influence of inverter controller parameters on the transient process and the steady-state
value was obtained through sensitivity analysis, which could guide the process of
parameter identification.

(iii) A disturbance setting suitable for parameter identification of the inverter controller considering
LVRT capability was proposed.

(iv) The optimal algorithm was selected through the parameter identification comparison of several
heuristic algorithms, and the sensitivity analysis was verified. The strategy of identifying
high-sensitivity parameters through ADE (i.e., adaptive differential evolution) algorithm could
reliably obtain the controller parameters. The parameters of the actual PV power station were
identified based on the measured data.

The organization of this paper is as follows. The harmonic analysis of the grid current is presented
in Section 2. The inverter control model is built in Section 3. The influence of parameters perturbation
of the inverter controller on the transient process and steady-state value of the system is obtained
based on the sensitivity analysis in Section 4. Section 4 also proposes the optimal algorithm of PV
inverter controller parameters. The results and discussion are presented in Section 5.

2. Analysis of Grid-connected PV System

2.1. PV Array Model

Figure 1 shows the equivalent model of the PV cell.
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Figure 1. Equivalent model of the photovoltaic (PV) cell.

In Figure 1, U and I are the output voltage and current of PV cells, respectively. Ry, is the load
resistance. Rg and Rgp, are the equivalent series resistance and parallel resistance of the PV cell,
respectively. The I4 is the reverse saturation current of the diode. Igc is the current source current.

The output characteristic of the PV cell is expressed as follows:

(U+IRs) IR
[ = L — (e mr —1y - YR
Rsh

)

where g is the electron charge with the value of 1.602 X 107! C, a is the constant of a PN junction curve
(i.e., 1 <a <2),and K is the Boltzmann constant with the value of 1.38 x 10732 J/K.
Since Rsh is large, ignoring the (U + IR;)/Rgp term in Equation (1) results in:

u
I = ISC - ClISC (ECZU"” - 1) (2)

Um
where C; = (1 - %) QU and C; = (ﬂ -1)/In(1 - ) under standard working conditions.

Under general working conditions, ‘the parameter expre551on is obtained by Equation (3).

AT = T Tyt
AG = ref -1
U, = Upe(1 - cAT) In(e + bAG)
I = Lo -(1+aAT) 3)
uy,, = Uy(1- cAT) In(e 4+ bAG)
Iy = Ing (1 +aAT)

In Equation (3), the typical values of correction factors, namely, a, b, and ¢ are 0.0025, 0.5,
and 0.00288, respectively. The PV array is composed of a series and parallel connection of the PV
cell model.

2.2. Power Flow Analysis of the PV Inverter

According to Kirchhoff’s voltage and current laws, the mathematical model of the three-phase PV
inverter in the two-phase synchronous rotating coordinate system under asymmetric grid faults is
given by:

U+—e +L —I—Rz —i—cuLi{;F
u,=e; —i—Ldt—i-Rz —wLi;
U, =e’ —|—L T+ Rij —wLiy

LIq‘ =e; +LW —|—qu +a)Li;

(4)



Energies 2020, 13, 3972 4 of 23

where ‘+’ and ‘~’ represent the positive and negative-sequence components of the grid voltage and
grid current, respectively.

According to the mathematical model of grid-connected PV inverter and Equation (4), the equation
for DC power balance without considering the loss of the PV inverter under asymmetric faults is

expressed as:
au,
CUge— = Ppy =P (5)

The instantaneous complex power output of PV inverter under asymmetric faults can be

expressed as:
3 3 jor + —jorT jw'+ —jo7
E uaﬁlaﬁ = E (e qu te udq) (e qu te qu) (6)

By combining Equations (5) and (6), the Equation (7) is obtained:

Sg:

dly,

ClUy, I

= Ppy — [PO + Py cos (2a)t) + Py sin(2a)t)] (7)

As can be seen from Equation (7), when the asymmetrical fault occurs, the double fundamental
frequency fluctuation of active power will cause the DC side capacitor of the inverter to be frequently
charged and discharged. This causes the DC bus voltage fluctuation and affects the stability of the
power system.

2.3. Harmonic Analysis of Grid Current

Based on the symmetrical component theory, the harmonic components of the grid current for
asymmetry fault are analyzed in a synchronous rotating coordinate system. Figure 2 shows the spatial
vector relationship of dg* and dgq~ in the af stationary coordinate system. The superscript "+" and

represent the positive and negative rotating coordinate systems, respectively. F represents the
generalized voltage and current vectors.

q q

Figure 2. Vector diagram of the positive and negative synchronous rotation coordinates.

In the case of asymmetric grid faults, the coordinate transformation relationship between the
variables of the system can be expressed as:

P;q = Fape /!
- g t

qu = Faﬁejw (8)
+ _ - 2wt

qu = que Jew

- _ Tt 2wt
qu—que

U, coswt  cos(wt—120°)  cos(wt + 120°) uy
u, |= \/j —sinot - sin(wf-120°) —sin(wt +120°) || U, ©)
1 1 1

Ue V2 V2 V2 o
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According to Equation (8), the positive and negative sequence components of the variables in the
positive and negative rotation coordinate system under asymmetric grid faults are shown as:

dgp dqn dqp dgn’ (10)
Lyg=1 +I =1 I /2!

Ugg=U +U, =U +U" /2
dgp dgn dgp dgn

where the subscripts p and n represent positive and negative sequence components, respectively.

According to Equations (9) and (10), it can be known that under the asymmetric fault of the
power grid, the grid voltage and grid current have the double fundamental frequency fluctuation in
the positive and negative rotating coordinate system. The grid voltage has the triple fundamental
frequency fluctuation, and the grid current also has the triple frequency fluctuation. Supposing only
harmonic components that are integer multiples of the fundamental wave are considered, the grid
voltage and grid current are shown in Equation (11).

Uy = Y, Uy sin(kot) Ig = Y Iy sin(kot + &)
k=1 k=1
Up = 1;1 Upysin[k(wt - )] and { Is= k; Ty sin[k(wt — Z5) + @] (11)
Uc = kél U sinfk(wt + )] Ic = kél I sin[k(wt + &) + @

Assuming that the grid voltage and grid current have no harmonic components, it can be known
from the analysis in Section 2.2 that the DC bus voltage contains the double fundamental frequency
component. Uy, is the ripple of the DC bus voltage shown in Equation (12).

T Ps2 PCZ

- 20t) -
Ude = 50t st — 30

sin(2wt) (12)

For the inverter adopting dual-loop control, the d-axis reference value of the grid current is shown
in Equation (13).

Ty — —22 cos(20t) — —2— sin(20t)] (13)

Kuvo,w 75 7 K\ g«
Lires = (Kpu + = =) (U, = Uge = Uac) = (Kpu + = =) [Uj 2Cally, 2Cally,

.~

According to Equation (13), there is the double fundamental frequency fluctuation in the d-axis
reference value Iyyf of the grid current. There is triple fundamental frequency fluctuation in the grid
voltage and current after modulation, as Usyy, # 0 and I3, # 0. Without considering the fluctuation of
the grid voltage and current caused by the negative sequence component, the double fundamental
frequency component of I also causes the ripple fundamental frequency fluctuation of the grid
current. The mutual influence between harmonic voltage and harmonic current is ignored, and the
decomposition of “Ualp” is taken as an example. According to Equation (11), the instantaneous active
power can be expressed by Equation (14).

P =Uplp + Uglg + Uclc

= LU I cos(dy) - %Ukllkl cos(2wt + ®1) + Uy Y, Iy sin(kawt + &) sin(wt) (14)
k=2

+Iiq Y, Upy sin(kwt) sin(wt + ©1) + Uglp + Uclc
k=1
According to Equations (5) and (14), the DC bus voltage will appear in second and fourth
harmonics because of the second and fourth harmonics in instantaneous active power. The reference
value for the d-axis component of the grid current will appear in the 4th harmonic caused by the 3rd
harmonic of the grid current. Therefore, the grid current will appear in the fifth harmonic. By analogy,
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the grid current has 3rd, 5th, 7th, and other low-order harmonics, and the DC bus voltage has 2nd, 4th,
6th, and other low-order harmonics.

3. Control Model for PV Inverter

The negative sequence voltage feedforward control method can suppress the negative sequence
component under asymmetric faults, but there are still a large number of harmonics in the grid current
and DC bus voltage, resulting in the fluctuation of several output variables [34,35] in the LVRT process.
Therefore, it is necessary to filter out these harmonics, as well as to suppress the fluctuations of voltage,
active, and reactive power simultaneously.

According to the analysis in Section 2.3, the grid current has odd harmonics, and the DC bus
voltage has even harmonics under the conventional dual-loop control strategy when asymmetrical
grid faults occur. The notch filter can eliminate the specific harmonics of the DC bus voltage. The PR
controller is applied to eliminate the low-order harmonics of the grid current caused by the asymmetric
faults. The outer-loop and inner-loop control model of the inverter is constructed by combining the
notch filter and the PR controller. The improved model is used to achieve the purpose of DC bus
voltage fluctuation and power fluctuation suppression.

3.1. Querall Control Model

Figure 3 shows the overall model of inverter control under grid faults. In Figure 3, The MPPT
(i.e., maximum power point tracking) module is designed for the maximum power point tracking
control. The DSOGI-PLL (i.e., double second order generalized integrator phase locked loop) module
is designed to separate positive and negative sequence components and obtain the accurate phase.
The SVPWM (i.e., space vector pulse width modulation) module is designed to generate drive signals.

Three-phase

inverter

Photovoltaic

T
s T

Filter circuit Transformer
SVPWM
ot

dq0

]

The control model [4—
of ive

oltage
e rward
based on PR m DSOGI-PLL

controller aff ™

Active current reference
caleulation

Reactive current reference
calculation

Reference Current Voltage loop control g~
Caleulation Model « | considering DC side 2
_______________ voltage fluctuation

U
suppression “— MPPT

Figure 3. Model of the inverter control.

The output Ug of the grid voltage amplitude calculation module is used to judge that the grid
voltage is normal or not. The voltage loop outputs the active current reference value Ig.f, and the
reactive current reference value Iqref is zero during the normal operation.

The inverter control with reactive power priority is adopted in the case of grid voltage sags, which
stops the MPPT control. When the new reference value is obtained through the active and reactive
current reference value calculation module, the active power and reactive power input to the grid can
be redistributed.
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3.2. Grid Code for LVRT

The PV system should provide reactive power support under grid faults according to the
requirements of the grid code [36]. The German grid codes are shown in Figures 4 and 5.

Ui,
0% ——————f ——— ——————— ————— ——— — — — o -

|
May not lead to
disconnected and instablity =
—

TO% —|§ —p—— e

| Should be
—I ridden lhrﬂugll
|

45% —(

short-time | |
disconnection | |
1 1
There are no requirements to
remain grid connection

30% |- .

E)T 150 700 1500 3000 Time(ms)
Fault event

Figure 4. LVRT (low voltage ride-through) curves in German grid code.

A
100% e g
Full reactive
current injection =)
x g
= =]
= 3
P 5]
m~ [a)
30%
20% \
\
\\\ Uy(p.u.)
0 0.5 09 .17

Figure 5. Reactive power configuration during LVRT.

The PV generation system tracks the voltage changes at the grid connection point during the fault,
and it should output a certain amount of reactive current to maintain the voltage. At this time, the reference
value of the reactive and active current can be calculated according to Equations (15) and (16).

I, =0, Ug>09 p.u.
=1 lg=A(-Ugly, (1-%) pu<Ug<09 pu. (15)
I, =y, 0<U,<(1-1) pu
Brer = MU0 (Taref, \[Tnax = irr, ) (16)

where A > 2, Iy is the rated current of the inverter, and I .y is the allowable maximum current.

3.3. Voltage Sag Fault Detection

Considering the voltage sag fault detection, the three-phase voltage can be expressed as:

Ugpe = uafbc +ul, = uf_s - uf_c +ut

abc abc abc abc

(17)

where f represents the fundamental component, and / represents the harmonic component. s is the
steady-state component, and c is the compensation component.

In this paper, the method of Kalman filter [37] for voltage sag detection can accurately detect the
voltage sag amplitude under the influence of harmonics, which has strong robustness.
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The amplitude of the fundamental wave of grid voltage is calculated as follows:

where X is the estimated value of the Kalman filter.

(18)

The voltage drop detection model is formed together with the positive and negative sequence
separation module [38] and a positioning module [39]. The position module includes a mathematical
morphology filter (MMF) and a grille fractal (GF). Figure 6 shows the voltage sag detection model.

Figure 7 shows the fundamental signal detected under a voltage sag of 50%.

1_p
abc Xl
; Uy Kalman ey Fundamental
/ 7 1 filter DSOGI X,,/,, n #  amplitude
B 1/ abe calculation

I— = el

| MMF ||

| Position IJ‘L

Modul
s [ ]
_______ |
Figure 6. Principle diagram of voltage sag fault detection.
11 »
""" Detection value
10 — ldeal value 1ok
0.9 09}
& o8 z osf ,
SE = o7t
06| K 06k
0.5 = n 05 =+ =+~ Detection value
........... s Tdeal value
0.4 04 . -
0.046 0.048 0.050 0052 0054 0.056 0.058 0.060 0.098 0100 0.102 0.104 0.106 0.108 0.110
Time (s) I'me (s)
(a) (b)

Figure 7. Detected value of fundamental signal: (a) Voltage sag initiation process; (b) Voltage sag

recovery process.

3.4. Outer-Loop and Inner-Loop Controls of the PV Inverter

Figure 8 shows the outer-loop and inner-loop control block diagrams of the inverter controller.

The outer-loop control eliminates the 2nd, 4th, 6th harmonic components by adding a notch filter
to the DC bus voltage feedback Uy, under grid faults. It further reduces the fluctuation of DC bus
voltage by feeding the instantaneous current forward at the DC side. The reference value of the active

output current is shown in Equation (19).

K " *
Ipr = (Kpu + %I)((Udc - udc'G,(S)) + LI;_dc Ug <Thy
ref (Kpu + =) (U5, — Udc'G’(S)) Ug > Thy
sz-l-(u% 52+a)4 Sz-l-a)g
s2 +Kw§s+m% ) ( s2 +Kwis+wi ) ( sz-&-Ka)és-i-wZ )

where GES) = (

(19)

where P'/Uy. is the feed-forward values of instantaneous current at the DC side, and Th; is 0.9. K =

1/Q, and Q is the quality factor.
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Figure 8. Control block diagrams of the inverter controller: (a) Outer-loop control block diagram; (b)
Inner-loop control block diagram.

The influence of the parameter error of notch filter on the overall system is analyzed in Figure 9.
The sensitivity analysis method is used. The parameter perturbation is 5%, the disturbance is set at
0.1's, and the grid voltage drops to 0.4 per unit (pu). The sensitivities of the parameter error to active
power, reactive power, DC bus voltage, and voltage and current in AC side are obtained as follows:

0.04 | |

10 : | 0.04 I |
£ 0.02 o
Z g osb— L L1 Bowl— b ————
Z 000 = | I " 2 | |
= - -
b Z 0 ot Z 000 gl pranpyprmn
o, -0.02 b \ | P | |
Q= —— = —— L2002 -— —— —— ——
-0.04 \ | = | |
00 01 02 03 10 l l 0.04 l l
Time (s) 0.0 01 02 03 0.0 01 02 03
Time (s) Time (s)
(@) (b) (0)
0.04 ‘ | 20 : .
2z I R = | |
2 0.00 JJ,;], b Z | |
2 \ | l g 20— —I— —1 —
ot 002 -— —— —— I «
S | | ~ | |
-0.04 | | 40 | |
00 01 02 03 00 01 02 03
Time (s) Time (s)
(d) (e)

Figure 9. Trajectories sensitivity of notch filter parameters: (a) Active power sensitivity; (b) Reactive
power sensitivity; (¢) DC bus voltage sensitivity; (d) Phase A voltage sensitivity; (e) Phase A
current sensitivity;

The average trajectories sensitivity of P with a unit of kW, Q with a unit of kVar, Ug. with a unit of
V, U with a unit of V, and I4 with a unit of A is 0.192, 0.110, 0.002, 0.002, and 1.550, respectively. It can
be seen from the trajectory sensitivity analysis that parameter error of K has an obvious influence on P,
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Q, Uy, and entire influence on AC voltage and current. The AC current has the most effect on the
current ripple. Therefore, a proper setting of K is conducive to the stable operation of the PV system.

The inner-loop suppresses the negative sequence component of the grid voltage by controlling the
negative sequence component of the voltage to zero when the grid voltage is unbalanced. However,
there are low-order harmonics in the grid current under this control strategy, and the low-order
harmonics, such as 3rd, 5th, and 7th, are significant. In this paper, the PR controller is used for
harmonic suppression.

Compared with the proportional-integral (PI) controller, the gain of the inner-loop PR controller
is much larger, and it is easier to extract the signal characteristics of the resonant frequency, so as to
realize the control without steady-state error. The PR controller cannot only ensure the good power
quality of the grid current but also help to decrease the power fluctuation. Its transfer function is
shown in Equation (20).

Gpr(s) = Kp; + fKRISZ + Z &2 (20)
S Hwy 068 + (hao)

In the engineering process, a low-pass filter is usually used to replace the pure integration link in
the PR controller to improve the anti-interference performance and system stability. Figure 10 shows
the amplitude-frequency and phase-frequency characteristic curves of the transfer function of the
quasi-PR controller. Its transfer function, with harmonic suppression control, and simplified function

are expressed as:

2w (s+we) 2Kgpwepn (5+wey)

G,.(s) =K — K
pr(s) = Kpr + 2o taital N +h:§46 242005+ @3, + () (21)
2w,s 2KRp@oS .
G/ s) =K +—CK + %Whllew w < W
PR( ) PI 2 +2wes+w) RI h:§46 242w 5+ (hawg)? ¢ Weh 0
s, | ‘H
§ jiEvAA \
= J\/ ‘.‘ )
s T —
&4 VU
"
Frequency (Hz)

Figure 10. Amplitude and frequency characteristic curves of the quasi-PR (proportional resonant)
controller model.

By using the PR controller and negative sequence voltage feedforward control, the inner-loop
mathematical model can be expressed as:

U; = u;lr + G;,R(s)(i;ref —ig) — wlaig —uj 2

Uy = ug + G;,R(s)(i;ref —ig) —wLyig —ug

From Equation (22) and Figure 8, the negative sequence component of feed-forward grid voltage
is offset with the negative sequence component of inverter output voltage under asymmetric faults for
the inner-loop control.
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4. Parameter Identification

4.1. Parameter Identification Process

Both the outer-loop parameters (i.e., Kpy and Kjy) and the inner-loop parameters (i.e., Kp; and
Kgy) have a great influence on the output power. They are selected for identification. The ADE, GA (i.e.,
genetic algorithm), FPA (i.e., flower pollination algorithm), PSO (i.e., particle swarm optimization),
CPSO (i.e., chaos particle swarm optimization) [40], BBO (i.e., biogeography-based optimization),
and ALO (i.e., ant lion optimization) algorithms are selected to identify the parameters in the
established PV generation system model. The ADE algorithm has strong global and local search
abilities. The adaptive mutation operator was introduced to avoid premature convergence as follows:

Gm

F=Fyx2%, 1 =e " GnilC (23)

where F is the scaling factor, and Fy is the mutation rate. In this paper, Fy = 0.5.
Figure 11 shows the schematic of controller parameter identification.

R . N "
Y The model 01: PV grid- U, U{,
> connected inverter
controller
+ .
Fitness |
_ function
The tracking model of PV
P grid-connected inverter - -
controller Ud U q

A

Meta-heuristic algorithm <

Figure 11. Schematic diagram of controller parameter identification.
The fitness function | is defined as:
1 n n
= —{kz Ls(8) U, (O ) )~ u;<k>12} 1)
=1 =1

4.2. Sensitivity Analysis on Controller Parameters
The sensitivity analysis [41] is performed on the parameters of the inverter controller to obtain the

parameter identifiability. The trajectory sensitivity is expressed as:

~ ' [yi(al,...aj +Aaj,...am, t) - yl-(al,...aj - Aaj,...am,t)]/yio
Aﬂj—)O ZAlZ]'/{ZjO

(25)

In order to compare the trajectory sensitivity of each parameter, the average value of the absolute
value of sensitivity is calculated as the sensitivity index, that is:

1K
1]_EZ{

where k is the total number of points for trajectory sensitivity.

The setting of the inner-loop and outer-loop parameters of the inverter controller has an important
influence on the dynamic and static characteristics of the system. The initial value of the output is 1 per
unit (pu). When the disturbance occurs at 0.1 s, the voltage sag of phase A is 60%, and it lasts for 0.1 s.

A 26)
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The simulation is carried out under the condition that the inner-loop and outer-loop parameters are
perturbed by 1% and 5%, respectively. The trajectory sensitivity analysis takes the I3 as an example,
and the sensitivity curves are recorded in Figure 12, and the results of the sensitivity analysis are
recorded in Table 1.

Z >
£ 010 — e & 006 T
z 005 'z 003
2 2
Z o 0.00 ¢
& 0.00 &
] =
2 -0.05 H .03
£ £ -0.06 . -
= -0.10 = 0
0.0 0.1 0.2 0.3
Time (s)
(b)
o £ 0010 %K
Z > ]
= = ——— $5%K,,
z ‘= 0.005
] = |
2 2 [’\ .
. .. 0.000
E g |
b} o -0.005 |
2 2, \
& g |
= & -0.010
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
Time (s) Time (s)
(c) (d)

Figure 12. Dynamic response to perturbation of controller parameters: (a) Inner-loop parameters Kpy;
(b) Inner-loop parameters Kgy; (c) Outer-loop parameters Kpy; (d) Outer-loop parameters Kyy.

Table 1. The result of the sensitivity analysis of parameter.

Sensitivity Index Terminal Value I4
Parameter
Disturbances of +1%  Disturbances of +5%  Disturbances of +1%  Disturbances of +5%
Kpp 0.011495 0.011654 1.067324/1.067162 1.067279/1.066989
Kgi 0.009406 0.009517 1.067011/1.066916 1.066982/1.067131
Kpy 0.002546 0.002653 1.067043/1.067015 1.067836/1.068014
Ky 0.000545 0.000604 1.067157/1.066861 1.066882/1.066643
Terminal Value I Terminal Value Uq4,
Parameter
Disturbances of +1%  Disturbances of +5%  Disturbances of +1%  Disturbances of +1%
Kpp 1.034561/1.030714 1.040867/1.029032 1.003369/1.003442 1.003229/1.003156
Kg1 1.029934/1.025226 1.032258/1.036151 1.003422/1.003455 1.003445/1.003313
Kpy 1.036331/1.034835 1.033091/1.034272 1.003295/1.003437 1.002558/1.003027
Ky 1.032258/1.036151 1.035354/1.037577 1.003229/1.003156 1.003319/1.003560
Terminal Value P Terminal Value Q
Parameter
Disturbances of +1%  Disturbances of +5%  Disturbances of +1%  Disturbances of +5%
Kpr 0.994143/0.994477 0.994720/0.994523 1.030622/1.025733 1.038964/1.024035
Kgi 0.994261/0.993694 0.994068/0.994033 1.024949/1.020192 1.027286/1.031219
Kpy 0.994582/0.994320 0.995425/0.994757 1.031489/1.029887 1.028135/1.029323
Ky 0.994720/0.994523 0.994198/0.993845 1.027286/1.031219 1.030419/1.032668

It can be seen from Figure 12 and Table 1 that after the occurrence of voltage sag, the sensitivity
fluctuation amplitude of the inner-loop parameters is larger than that of outer-loop parameters.
The trajectory sensitivity value for the perturbation of Kp; is the largest of the four parameters,
so adjusting the inner-loop proportion coefficient has the greatest influence on the system.

It can also be seen from Table 1 that under the perturbation of both 1% and 5%, the sensitivity
index of Kpy is the highest among the four parameters, indicating that it has the greatest impact on
the system transient process. The sensitivity index follows Kp; > Kg; > Kpy > Kjy. The parameter
perturbation influence on the terminal value of Iq and Q is greater than that of [ and P. Under the
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perturbation of Kpj, the variable terminal values deviate largest, and the influence of the perturbation
of Ky is less. The parameters of Kpy and Ky have less influence on the variable terminal values.

Insummary, the impact of Kpy has a larger effect under deeper parameter disturbance. The trajectory
sensitivity of Ky is the lowest, so it is not easy to identify. Therefore, Kyy is calculated by the analytical
method to improve identification efficiency.

4.3. Parameter Identification Results

In the MATLAB 2018a (MathWorks, Natick, MA, USA) environment, the different algorithms are
used to identify the controller parameters of the grid-connected inverter. The algorithms are identified
for many times, and the identification results are shown in Figures 13 and 14.
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50 60 70 80 90 100 110 120 130 140 150
Iteration number

Figure 13. Convergence curves of different heuristic algorithms.

120

1.500 - 20

=) [
— pory e 5
& T:- 3 K =
S 11251 z 15| K, 190 =
F e :
z 09 % E
2 2 8
£ E £
B o 2
S 0750+ = 10 160 &
=l B =
2 = 445 3
g £ 6.7 2
2 5 5
[Ty il 2
£ 0375+ - 5¢F 130 2
ol o g
& 2 g

% =~

2

0.000 0 0
ADE GA ALO  BBO FPA  CPSO  PSO
Parameter identification algorithms

Figure 14. Parameters identification results of different heuristic algorithms.

It can be seen from Figures 13 and 14 that the initial convergence rate of ADE and FPA algorithm
is better, but the final identification accuracy of the FPA algorithm is poor. In general, the FPA, PSO,
CPSO, ALO, and BBO algorithms have lower identification accuracy compared with GA and ADE
algorithms. Although GA and ADE algorithms have similar identification accuracy, the parameter
identification results differ obviously. This is because there are suboptimal values for outer-loop
parameters. For identification time, Trpps > Tapg > Tcpso > Taa > Tpso > Taro > Tgpo. If the
requirement of identification accuracy is not high, the ALO and BBO algorithms can be used as fast
identification methods. The ADE algorithm has better initial convergence speed and identification
accuracy, which is selected for parameter identification. In addition, the identification effect of the
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above algorithms is the worst for Ky and best for Kpy, which proves the results of the sensitivity
analysis. Therefore, Kyy can be calculated by the analytical method.

The model runs under steady-state conditions, and the PV modules operate under standard test
conditions (i.e., S = 1000 W/m?2, T = 25 °C). The disturbances are set as:

(a) Itis assumed that the voltage sag occurs in phase A at 0.1 s, and the grid voltage drops to 0.4 pu.
The fault is removed at 0.3 s.

(b) Itis assumed that the voltages drop to 0.4 pu in phase B and phase C at 0.1 s, and then the fault is
removed at 0.3 s.

(c) Itis assumed that when the system runs stably to 0.1 s, a three-phase voltage drop occurs, and the
grid voltage drops to 0.4 pu. The fault is removed at 0.3 s.

The controller parameter values of a grid-connected inverter are determined by the system
amplitude margin, phase margin, and cut-off frequency [42]. In the process of iteration, it should be
judged whether the individual satisfies the boundary conditions of the solution space to ensure the
validity of the solution; otherwise, the individual is regenerated by a random method. The boundary
conditions and reference values are set in Table 2.

Table 2. Solution space boundary condition and reference value.

Parameter XMIN  Xmax Reference Value
Kpy 0 100 6.7
Kpr 0 10 0.9
Kgi 0 150 10

According to the sensitivity analysis and multi-algorithm identification results, the ADE algorithm
is used to identify the inner-loop parameters (Kpy, Kry) and outer-loop parameter (Kpy). Table 3 shows
the parameter identification results.

Table 3. Parameter identification results under ADE algorithm.

Parameter Single-Phase Two-Phase Three-Phase
Identification 6.6959 6.6941 6.6659
Kpy Error rate/% 0.0612 0.0881 0.5089
Identification 0.9000 0.9002 0.8998
Kpy Error rate/% 0.0000 0.0222 0.0222
Identification 10.0000 10.0009 10.0919
Kgp Error rate/% 0.0000 0.0090 0.9190
Fitness value 2.7 x 10713 25x10712 1.2x 10711

According to Table 3, the identification results are good under each working condition. The other
three parameters can be identified more accurately if the Ky parameter is obtained firstly. It can
also be seen from the fitness values in Table 3 that the identification accuracy is higher in the case of
single-phase voltage sag.

Figure 15 shows the simulation and tested curves of the model under phase A voltage sag.
The results show that the simulation curves are consistent with the tested curves, and the simulation
errors are small, which verifies the validity and rationality of the established model and its parameter
selection. Good results have been achieved under the other working conditions, and the model
parameters can be obtained effectively.
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Figure 15. Comparison between simulation and tested curves under phase A voltage sag: (a) Simulation
and tested curves of phase A; (b) Simulation and tested curves of d axis current; (¢) Simulation and
tested curves of q axis current.

4.4. Measurement Identification of the PV Plant

To further verify the adaptability of the model and parameters, the disturbance tests of the inverter
are performed on PV power stations, including active and reactive power step disturbances. Table 4
shows the parameter settings of the established model for the actual PV generation system.

Table 4. Simulation parameters of the actual PV generation system.

Parameter Meaning of Parameter Value
Prated Rated power 0.5 MW
Ugc DC bus voltage 900 V
Upy PV cell voltage 853V
Ipy PV cell current 6.09 A
C DC side capacitance 14.4 mF
Ly Filter inductance 240 mH
L, Filter inductance 60 mH
f Switching frequency 1.228 kHz

According to the light conditions during the test, the active output power of the inverter is limited
to 517 kW. The active power setting value of the inverter is changed about +10% of the rated power,
and then the voltage, current, and power changes of the inverter’s AC side are recorded. Figure 16
shows the dynamic output curves under the same conditions compared with measured data.
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Figure 16. Measured identification curve of inverters under a step disturbance of active power: (a) AB
phase voltage; (b) A phase current; (c) Active power; (d) Reactive power.
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It can be seen from Figure 16 that when the active power step disturbance occurs, the phase
voltage U,}, remains stable, while the phase A current and active power decrease with the disturbance.
The parameters are identified with the measured data in other test conditions, and the results are
consistent with the measured data, which proves the accuracy and effectiveness of the model under
the disturbance.

5. Results and Discussion

To further verify the applicability of proposed control and parameter optimization, a simulation
model of a 250 kW grid-connected PV generation system is built upon the Matlab/Simulink (version
2018a, MathWorks, Natick, MA, USA) simulation platform. The parameters of the established model
are listed in Table 5.

(a) Itis assumed that when the system operates steadily at 0.1 s, the voltage sag occurs in phase A,
and the grid voltage drops to 0.4 pu (i.e., condition One). The fault is removed at 0.3 s.

(b) Different from condition One, the voltages drop to 0.4 pu in phase B and phase C at 0.1 s, and the
fault is removed at 0.3 s for condition Two.

Table 5. Simulation parameters.

Parameter Meaning of Parameter Value
Prated Rated power 0.25 MW

Uge DC bus voltage 580 V
Um Voltage at maximum power 726V
Im Current at maximum power 5.69 A
Upc Open circuit voltage 853V
Isc Short-circuit current 6.09 A

m Serial number 7

n Parallel number 88

C DC side capacitance 1500 uF
L Inductor of the boost converter 10 mH

L Filter inductor 0.5 mH

f Switching frequency 1.228 kHz
Kpy Proportional coefficient of voltage loop 6.7
Ky Integral coefficient of voltage loop 44.5
Kpp Proportional coefficient of current loop 0.9
Kgr1 Resonant coefficient of current loop 10
KRrn Resonant coefficient in harmonics suppression control 22

We Cut-off frequency at fundamental frequency m rad/s
Wch Cut-off frequency at h times fundamental frequency 7t X hrad/s

Figures 17 and 18 show the operating characteristics of three control modes under each working
condition. The control modes are shown in Table 6.

Table 6. The control modes for simulation operation.

Control Modes Descriptions

The traditional voltage and current dual-loop control strategy is adopted, and the
Strategy One PI (proportional-integral) controller is used for both outer and inner loops.
This strategy does not contain asymmetric fault control.
The negative sequence voltage feedforward control is adopted in the inner-loop,
Strategy Two and a notch filter is added to the DC bus voltage feedback to eliminate harmonics
in the outer-loop. The PI controller is used for both outer and inner loops.
The PR (proportional-resonant) controller with harmonic suppression is adopted in

trategy Thr . .
Strategy Three the inner-loop, and the other control strategies are the same as strategy Two.
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It can be seen that under two different working conditions, the grid voltage imbalance is more
severe in Figure 18. From Figures 17a and 18a, the DC bus voltage increases rapidly at the moment
of the grid fault under the traditional PI control strategy (i.e., strategy One), destroying the safe and
stable operation. It responds to the fault immediately under strategy Three, and the overall fluctuation
of DC bus voltage is small.

From Figure 17b,c, the active and reactive power of strategy One fluctuate dramatically when the
grid voltage is unbalanced. The negative sequence voltage feedforward control based on the notch filter
and the PI controller (i.e., strategy Two) reduces the power fluctuation, but the output power waveform
still fluctuates more significantly compared with that of strategy Three. The power fluctuations are
relatively stable by using the improved negative sequence voltage feedforward control based on the
notch filter and the PR controller (i.e., strategy Three). Figure 18b,c show that the power fluctuations
are more significant due to the increase of the imbalance degree. From Figures 17d and 18d, the output
current is effectively limited within 1.1 pu, which avoids overcurrent impulse.
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Figure 17. Operating characteristics and waveforms in case of phase A voltage sag under different
control strategies: (a) DC bus voltage; (b) Active output power of the inverter; (c) Comparison of output
reactive power of inverter; (d) Grid current under strategy Three; (e) The THD (i.e., total harmonic
distortion) of grid current under strategy One; (f) The THD of grid current under strategy Three;
(g) Harmonic currents under strategy One and strategy Three.
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Figure 18. Operating characteristics and waveforms in case of phase B and phase C voltage sags under
different control strategies: (a) DC bus voltage; (b) Active output power of the inverter; (c) Reactive
output power of inverter; (d) Grid current under strategy Three; (e) The THD of grid current under
strategy One; (f) The THD of grid current under strategy Three; (g) Harmonic currents under strategy
One and strategy Three.

From Figures 17e and 18e, the total harmonic distortion (THD) of the grid current is larger under
strategy One, and the harmonics contents, such as 3rd, 5th, and 7th, are high. The third harmonic
is 13.6% and 16%, respectively, under two working conditions. Figure 17f,g and Figure 18f,g show
that the 3rd, 5th, and 7th harmonic components of grid current under strategy Three are significantly
reduced, and the current THD is controlled within 5%. The entire system with strategy Three improves
the power quality in the case of grid voltage sags, which also has a smooth transition before, during,
and after the faults, improving the dynamic control performance.

Figure 19 shows the operating characteristics of the proposed model under strategy Three,
while the power grid suffers symmetrical faults. The three-phase voltage drops to 0.4 pu at 0.1 s,
and the fault is removed at 0.3 s. The results show that the grid current amplitudes and THD values are
restricted within safe limits. Due to the reactive power support during voltage sag, the grid-connected
PV system can operate safely and stably. Therefore, the established model can also satisfy the LVRT
requirements under the symmetric grid fault.
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Figure 19. Operating characteristics and waveforms in case of three-phase voltage sag under strategy

Three: (a) DC bus voltage; (b) Active and reactive output power of the inverter; (c¢) Grid current;
(d) The THD of grid current.

Figure 20 shows the influence of parameter identification on the control effect. Based on the
identification results, a —5% error is set for Kpy, Kr1, Kpy, Ky, respectively. Here, the simulation results
of £5% error under different working conditions are similar, so the experimental results under —5%
error in case of phase A voltage sag are analyzed. It can be seen from Figure 20 that the errors of
Kpr, Kgr1, Kpy have a great influence on the output curve of the PV system, and the error of Ky has
little influence. The DC bus voltage, active power, and reactive power will fluctuate, and the AC
side over-current will occur in the LVRT process if Kpj, Kgj, or Kpy cannot be identified accurately.
According to the obtained identification results, the PV system can operate stably under strategy Three.
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Figure 20. Cont.
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Figure 20. Analysis of parameter identification effect in case of phase A voltage sag under strategy
Three: (a) DC bus voltage; (b) Active output power of the inverter; (c) Reactive output power of the
inverter; (d) Grid current.

6. Conclusions

This paper proposed an improved method of modeling and parameter optimization without
complicated control. According to the trajectory sensitivity analysis and multi-parameter identification
performance comparison, the strategy of identifying high-sensitivity parameters through the ADE
algorithm could reliably obtain the controller parameters based on the measured data. The response of
the proposed method was compared with the PI control strategy, and the effect of the PR controller on
power fluctuation suppression was demonstrated. The proposed model ensured the stability of the
DC bus voltage and the output power of the PV generation system under asymmetric grid faults and
effectively suppressed the harmonics of the grid current. It was conducive to the smooth transition of
the power grid during the period of LVRT.

The simulation results verified the feasibility of the grid-connected PV generation system under
asymmetric and symmetric faults. The proposed model and parameter identification method lay a
foundation for building a high-reliability transient equivalent model of the PV generation system
during grid faults.
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Nomenclature

5 Index for d-q rotation reference frame

Us d-q axis component of the inverter output voltage (V)
es d-q axis component of the grid voltage (V)

is d-q axis component of the grid current (A)

C DC side capacitance (F)

L Filter inductance of output side of the inverter (H)

R Equivalent resistance of the line (Q2)

Uqc DC capacitance-voltage (V)

w Angular frequency of grid voltage (rad/s)

Ppy, P Active output power of the PV array or inverter (W)
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Uxp, g  Complex vector of the inverter output voltage or current in a3 stationary reference frame

Py Fundamental component of the active output power of the inverter (W)

Po,, Py Cosine or sine amplitude of the active power double fundamental frequency fluctuation (W)
i, g d-q axis reference value of the grid current (A)

Uym Amplitude of the fundamental and harmonic components of the grid voltage (V)
TIkm Amplitude of the fundamental and harmonic components of the grid current (A)
Dy Initial phase angle of grid current (rad)

Tgret Reference value of the d-axis output current of outer-loop (A)

Ug Magnitude of grid voltage

wy Fundamental angular frequency of the power grid (rad/s)

wy,wyg,we  Angular frequency of the 2nd, 4th, 6th harmonic (rad/s)

P’ DC side instantaneous power (W)

U;;C Reference value of DC bus voltage (V)

Uge Ripple of the DC bus voltage (V

Uge DC component of the DC bus voltage (V)

Kpy, Kijy  Proportional or integral coefficient of the outer-loop PI controller

Kpr, Kgr Proportional or resonant coefficient of the inner-loop PR controller

Q Inverter output reactive power (Var).

Thy Judgment value of whether voltage sags occur

G Current evolution algebra

Gm Maximum evolution algebra

u; Output of the inner-current loop controller tracking model (V)

S Irradiance under standard test condition (W/m?)

T Temperature (standard test condition) (°C)

61( Sensitivity of the k-th trajectory at time ¢

Vi Trajectory of the i-th variable

aj The j-th parameter

m Total number of parameters

a0 Initial value of the j-th parameter

Yio Initial values of the i-th variable
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