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Although the stability of the grid-connected photovoltaics (PV) and energy storage
systems under weak grids has been widely researched, the classical improvement
methods focus more on suppressing the harmonics introduced by the phase-locked
loop (PLL). Furthermore, the current distortion caused by the DC voltage loop is difficult
to be eliminated. In this study, based on the hybrid energy storage system of battery-
supercapacitor, a dual-loop compensation method is proposed. First, the small-signal
model and output impedance matrix are built in d-q axis. Second, for different
disturbance loops, a DC voltage loop disturbance compensation method based on
power feedforward is proposed to suppress the harmonics caused by the DC voltage
controller (DVC). In addition, a voltage feedforward PLL disturbance compensation
method is proposed, which can reduce the PLL perturbations and revise the output
impedance to improve system stability. Finally, the output impedance frequency
characteristic analysis and the hardware-in-the-loop (HIL) simulation results show
that the proposed control method can effectively improve the stability of the system
under weak grids.

Keywords: PV and energy storage system, weak power grids, grid-connected inverter, phase-locked loop, stability
analysis

1 INTRODUCTION

Renewable energy sources such as PV have the characteristics of intermittency and randomness. In
order to ensure the stability of the microgrid system, certain capacity energy storage devices need to
be configured in the microgrid system. The battery-supercapacitor (SC)-based hybrid energy storage
system (HESS) has been proposed to mitigate the impact of dynamic power exchanges on the
battery’s lifespan (Jing et al., 2017). Aiming at the control of the PV and energy storage microgrid,
(Akram et al., 2018), proposed an iterative search algorithm to improve the optimal size of the PV
and energy storage systems in the microgrid. (Tricarico et al., 2020) made improvements on the
microgrid topology. In (Xu and Cen, 2021), a coordinated control strategy was used to suppress the
power fluctuations of grid-connected PV power generation systems. Due to the interaction between
the inverter and grid impedance, will cause a decrease in system stability. Therefore, considering the

Frontiers in Energy Research | www.frontiersin.org 1

July 2022 | Volume 10 | Article 939376


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2022.939376&domain=pdf&date_stamp=2022-07-22
https://www.frontiersin.org/articles/10.3389/fenrg.2022.939376/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.939376/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.939376/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.939376/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.939376/full
http://creativecommons.org/licenses/by/4.0/
mailto:liuxinrui@ise.neu.edu.cn
https://doi.org/10.3389/fenrg.2022.939376
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2022.939376

Lietal

Improved Dual-Loop Feedforward Control

: sL+R PCCIZ,
Sl H P, -0
Ve ] AL / — R
L rr /o FwR)
v _C &, 4 Lty Weak Grid
|DvC > AcC|E—
0 VaYy AC Load =
PLL 3=
HESS DC Bus Inverter AC Bus
FIGURE 1 | Grid-connected PV and energy storage system.

weak grid conditions, the research on stable control of grid-
connected inverters is particularly important.

The impedance analysis is widely used in the stability analysis
of grid-connected inverters. (Sun, 2011) pointed out that if the
ratio of the grid impedance to the inverter output impedance
satisfies the Nyquist stability criterion, the system will remain
stable. (Wen et al., 2014) analyzed the control of the voltage
controller in the low-frequency range, the output impedance
decreases as the voltage loop bandwidth increases, and the
wider will be the frequency range of the negative impedance.
In this regard, (Xu et al., 2017), proposed an adaptive control
method, which adjusts the voltage feedforward signal through an
adaptive criterion to improve the stability. (Lu et al., 2018)
revealed that the dc-link voltage control may cause high-
frequency oscillations in the inverter. (Yuan et al, 2017)
pointed out that controller parameters of DVC affect the
oscillation. In addition, (Harnefors et al., 2015), suggested not
to select the bandwidths of DVC, unnecessarily large, to avoid
oscillation. (Dong et al., 2014); (Wen et al., 2015a); (Wen et al.,
2015b); (Bakhshizadeh et al., 2016); (Yang et al., 2019); (Nicolini
et al., 2020) mainly analyzed the influence of the PLL on the
stability of the inverter and pointed out that the PLL is one of the
main factors that affect the stability of the system. The method of
introducing a feedforward function was used by (Wang et al.,
2010); (Xue et al., 2012); (Zhang et al., 2018) to improve stability.

To solve the influence of PLL on system stability, (Cespedes
and Sun, 2014); (Yang et al., 2014); (Zhou et al., 2014); (Davari
and Mohamed, 2016) made different attempts. In (Zhou et al,,
2014), a small-signal model of the control system including the
PLL was established. It was discussed that the gain of the PLL has
a greater effect on the stability of the inverter, and a method is
proposed to reduce the bandwidth of the PLL to solve this
problem. (Yang et al, 2014) used virtual impedance to
regulate the output impedance instead of adjusting the current
loop gain to improve the inverter’s harmonic suppression and
stability robustness. The current control loop can be
independently designed. (Wang et al, 2014) reviewed the
control methods of VSCs and CSCs based on virtual
impedance. (Cao et al,, 2017) proposed an impedance matrix
modeling method, which simplifies the stability judgment

process. However, the impact of the DC side voltage
fluctuation is ignored. For PV grid-connected systems, the DC
side voltage will fluctuate under the influence of factors such as
intensity of light. Therefore, it is necessary to take DC voltage
fluctuations into consideration.

This study aims at the stability of weak grid-connected PV and
energy storage systems. To meet the dynamic response
requirements, a HESS is adopted. For the grid-connected
inverter, the small-signal analysis and impedance method are
used to analyze the stability of the system, including the influence
of the PLL and the voltage loop controller. The main
contributions are as follows:

1) Considering the State of Charge (SoC) of the battery, an
adaptive bandwidth frequency low-pass filter (LPF) is
proposed, smoothing the low-frequency power from the
battery, ensuring DC bus voltage stability.

2) A DC voltage loop disturbance compensation control based
on power feedforward is added to the DVC to reduce the
perturbation signals caused by the controller parameters.

3) To eliminate the negative effects introduced by PLL, a
disturbance compensation method based on voltage
feedforward is proposed, which further improves the
stability of grid connections.

The rest of this article is organized as follows. Section
3 establishes the impedance model of the grid-connected
inverter. Section 4 discusses the proposed control method and
analyzes the control effect. Section 5 builds a HIL platform to
verify that the proposed method can reduce the frequency range
of the negative impedance characteristics. The conclusion is given
in Section 6.

2 GRID-CONNECTED PV AND ENERGY
STORAGE SYSTEM UNDER WEAK GRIDS

Figure 1 is a weak grid-connected PV and energy system. PV and
HESS are connected to the DC bus through DC/DC converters.
Therefore, the DC bus voltage becomes a key indicator for stable
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FIGURE 3 | Structure of voltage stabilization control.

operation. L is the filter inductance on the inverter side, and R is
the parasitic resistance on the inductance. The grid impedance is
represented by Z,, which comprises an inductance L, and a
resistance Ry, and 0 is the phase angle of the PLL. DC bus voltage
and current are represented by v4. and i4, respectively. The
control system of the inverter comprises a DVC, an AC current
controller (ACC), and PLL.

2.1 Structure Design of HESS
The PV array is connected to the DC microgrid through a boost
converter, which adopts the MPPT control algorithm. The HESS uses
a bidirectional DC/DC converter to connect to the DC microgrid.
Due to the imbalance between power generation and load demand,
the HESS is proposed to maintain the DC bus voltage v, stability.
In Figure 2, R; represents the load of the DC bus, Upy, ipy,
UBgar> igat» Usc, and igc represent the voltage and output current of
PV array, battery, and SC; Lpy, Lpy, and Lgc are the filter
inductance of the converter; Cpy is the filter capacitor; and S,
Sy, S3, Sy, and Spy are the control switches.

A [ Tworkspace of SC B
~~~7Aworkspace of battery
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A
at.,_ref
1
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FIGURE 4 | (A) Traditional LPF power distribution diagram, (B) self-
adaptive LPF power distribution diagram considering SoCpggt.

2.2 Self-Adaptive LPF Considering SoCpg,t

The control block diagram of the voltage stabilization control
strategy is shown in Figure 3. The basic idea of this control
strategy is that the battery supports the low-frequency part of
power changes and the SC supports the high-frequency part of
power changes. Therefore, v4. is compared with its reference
value vgc_ref, and the total current igpgs_res is provided by the PI
controller. A low-pass filter (LPF) is used to divide the total
current into a steady-state power component and a dynamic
power component. The steady-state power component is used as
the reference value ipy_ros for battery current control, and the
dynamic power component is used as the reference value isc_r.
for SC current control.

The smaller the bandwidth frequency of the LPF, the smoother
the power borne by the battery after Pyggs passes through the
LPF, and the more the power borne by the SC. Therefore, the
power distribution effect of the LPF can be optimized by changing
the size of bandwidth frequency.

On the basis of the traditional power distribution method, the
SoC of the HESS is considered, and the bandwidth of the LPF is
changed in real time according to its SoC value to realize the
reasonable distribution of the power in HESS.

We set the improved self-adaptive bandwidth frequency w; as
follows:

SOCBat

= OB e, 1
SOCBat,ref o ( )

w1

where 0.2 < SoCpg < 0.9, wy is the initial bandwidth frequency of
the LPF, and SoCpqt_r. is the optimal SoC of the battery, with a
magnitude of 0.6.

In Figure 4, the power with a frequency lower than w; is borne
by the battery, and the power with a frequency higher than w; is
borne by the SC. Figure 4A shows the power distribution under
the traditional LPF, where w; = wy. Figure 4B shows that the
larger SoCp, means larger w, and the battery bears more range of
power output. When the battery power is low, w; decreases with
SoCpgt- SC takes on more range of power output so as to extend
the working time of HESS and protect the battery.
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FIGURE 5 | Dual-loop control structure of the inverter.
With the self-adaptive LPF power distribution method, the

new reference current igas_rey andisc_r.s are obtained. By sending
these parameters to the PI controllers, we can get the bidirectional
DC/DC control signals.

2.3 System Power Distribution

In the power distribution control strategy, the DC bus voltage is
controlled by the PV and the HESS. P;,, is the power at the input
of the inverter, and Py, is the power of DC load. P, represents the
output power from the DC bus side. P¢ is the power of the DC
bus capacitor.

Pdc:Pinv+PL- (2)

Pc = Ppy + Pygss — Pac. (3)
dVdC

Pc=vy - Cyjo——. !

¢ =vac Cay. 4)

In order to stabilize the DC bus voltage, dvg./d; = 0, which
means Pygss = Ppc — Ppy. The HESS is responsible for
balancing the power between the DC bus side and the PV.
The power of the HESS is allocated to the battery and the SC.

Pygss = Ppar + Psc. (5)

When the energy emitted by the system can satisfy (5), v4. can
remain stable.

3 DESIGN OF THE GRID-CONNECTED
INVERTER

3.1 Design of Inverter Controllers
Figure 5 is the dual-loop control block diagram with a power
feedforward. The proportional and integral gain of the PI
controllers are kp, and k; ki, and ki;.

According to Figure 1, the mathematical model of the grid-
connected inverter under the dq axis is as follows:

dvdc + Vde
dt Ry

=g — i

C

dig
L—-wLlig+us=vy’

dt

(6)
di, .
LE+ wLig +u; =v,

where iz and i, are the dq-axis components of the grid-connected
current at the PCC point, u and u, are the dq-axis components

idr
|DC Voltage Loop
» PR

SR
| |abc %

l iabc

| u, u’{ 0

|| pre abe

[

FIGURE 6 | Topology diagram of the control system.
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FIGURE 7 | Frequency characteristics of Zqq with and without power
feedforward.

of the PCC voltage, v4 and v, are the inverter output voltage, and
w is the grid angle frequency. We usually set v, = 0, i; = 0. The
topology diagram of the control system is shown in Figure 6.
According to the power conservation at the input and output of
the inverter, we can get

3Vdid

5 ™

P, = idcvdczpout =

Frontiers in Energy Research | www.frontiersin.org

July 2022 | Volume 10 | Article 939376


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Lietal Improved Dual-Loop Feedforward Control

t
=

|
|
|
|
|
out ' o~ u |
VL _______ 5 ﬂ |
Gt K K G L . |
fide . G [
- ; Compensation o |
- il term |
i 5 i + — + + + - !
GPLL PLL I - | ch(‘ Gdc |
TARY - + l
PLL disturbance L_dref | 0 |
| |
AR 2 = + Gde" I {0} N Lm } |
d.& + dL + | |
G G, : G, |
|
___________________ |
FIGURE 8 | Small signal model of the grid-connected inverter with PLL, ACC, and DVC.
A _ _
kpv =3 kpv =7
P 2 1
X | >
< Y < Y
20 : » 0 :
(4] s < K
.5 s R=
ep ; &-1
S _1 <
£ £
140 1
B Real Axis
1 1
.2 2
%
< Z
20 » 0
S &
R= g
& &
-1 g -1
-1 0. 1 -1 0.
Real Axis Real Axis
FIGURE 9 | (A) Impedance ratio curves of different kp,; (B) impedance ratio curves of different kpp.
According to (7), iz can be expressed as follows: According to (8), the power feedforward item 1/k; = 2v4./3v4
is introduced into the DVC.
P 2v4c ) The voltage loop control is to maintain the power balance and
4 e vy stabilize the DC side voltage (Harnefors et al, 2007). The
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FIGURE 10 | Small-signal model of the grid-connected inverter.

introduction of a power feedforward link will reduce the signal of
the outer loop voltage control command, thereby reducing the
steady-state error of vdc, improving the response speed. Figure 7
compares the frequency characteristic curve of Zg; with and
without power feedforward. It can be seen that the range of
negative impedance characteristics of Z,, is reduced with the
addition of power feedforward, which indicates that the
feedforward in DVC will improve the stability of the system.

3.2 Modeling of Output Impedance

The model of output impedance is built in d-q axis. In order to
distinguish the variables of the system and the control loop, the
superscript ¢ represents the control loop variable, and the
superscript s represents the system variable.

_ de qu _ Ls+R —wL
Zout - [ qu qu - wL LS + R . (9)
K is the transfer function of the filter:
@,
2 2 O
s +2{w,s + w,,
K= - (10)
wZ
0 n

s+ 2{w,s + w?

Gge is the time delay caused by the control loop and PWM
modulation, which can be expressed as follows:
1—0.5T s
1+ O.STdEZS
1-0.5T s |
1+ 0.5Tdels

(11)

G =

In the formula, T4y = 1/ fsy, fsw is the switching frequency.
. . .3 .
Gjq is the transfer function from duty ratiod to inductor current

i 1, and Gy is as (Wen et al., 2015a) follows:

Improved Dual-Loop Feedforward Control

_ _Vdc
(Ls + R)* + (wL)?

Ls+R wL

i -wL Ls+R]' (12)

As mentioned, the inverter uses PLL to obtain the phase
information of the grid voltage. The angle output by the PLL
will then be used for the d-q axis conversion inside the inverter, so
the dynamic characteristics of the PLL will affect the output
voltage, current, and duty ratio signals of the inverter, which in
turn affects its output impedance (Bakhshizadeh et al., 2016) Eq.
13 is the transfer function of PLL.

Kppit + kipll/s
S+ Ufj(kppll + kipll/s)’

GPLL = (13)

where, ki1 and ki, are the PI controller parameters in the PLL.
When a small signal disturbance is applied to the output
voltage, the relationship between the control loop voltage # and
=%,
the system voltage © is as follows:

gl _[1 UGe i
-l ]g]
p

PLL

In the same way, the duty ratio signal has the following

relationship:
dy] [0 -DiGe | [u5] . [dy
2| = 9 ~s ~c |. 15
|:dq:| [0 DiGpyy, U, " dq (15)
Gd

PLL

For the control loop inductor current, there is the following

relationship:
][0 LG |[#]. [
[é]N [0 LG | |8 ||| .

q
G4, ,G%,,,and G5, respectively, represent the influence of PLL
on system voltage, duty ratio, and current.

The ACC control loop,in Figure 8 is realized by converting the
system output current i ; into the current of the control loop i ;
under the action of the filter and PLL and then through G,; and
Gei. Ggei is the feedforward decoupling link:

i
GPLL

3wL
0o -
Gei = Vae (17)
dei — 3w .
Vdc
G, is the current controller:
kPi + kii_ 0
Gci = 1 (18)
0 k i T k,‘,‘*
P s

Ignoring the power loss of switching devices, the active power
balance equation is as follows:
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.3, .
Vaels = E(”d’d + uqzq). (19)

Add a small signal disturbance the #° helps obtain the power
equation:

P=P,+P. (20)

Q=Q+Q (1)
In the formula, Py and Q, and P and Q are
PO 3 Ud Uq Id

=Z. . 22

el o il e

pl 3 [us v, [is] 3 [ 1L 1]
)2 Lo wllz] 25 ] @

The input current i; of the inverter is

ig=—, (24)
Vdc
. P P
fo= Ve (25)
VdC Vdc

Set G, = 1/V 4 and Gy, = Po/Véc. G, represents the loss of DC
side capacitance and switching device:

_ | Raw/(CRys +1) 0
Gac = [ 0 Rew/ (CRuys + 1) ] (26)

The transfer function matrix G"PQ and Gy, is defined and used
for power calculation as

;3 |Us Uy
GPQ_E.[Uq _Ud]. 27)
L 31,
GPQ_E.[_Iq Id]. (28)

To obtain the impedance model of the inverter, supposing that
on the DC side of the inverter, besides the DC voltage v, there is
also a voltage corresponding to it, which is defined as v,,. G4 is
the voltage controller:

1
kpv + kiv_ 0
Geac = s 1l (29)
0 kpv + k,‘V;
1k,

Let the power feedforward term Gy = 0

Therefore, according to Figure 8, the output impedance
matrix of the grid-connected inverter small-signal model can
be derived as follows:

Zowde = (I +Gy +G3) (G + Gy + Z.1) 7 (30)
G = KGuaGia (Gei — Gaei)- (31)

G, = KG5;,GaiGia (G — Gaei) + KG3,,GaaGia. (32)
G; = G;QGuGciGdelGid (GacGeac + Gx) + GaGp.  (33)

G4 = _G;QGuGciGdelGid (GdCGCdC + Gk) (34)

Improved Dual-Loop Feedforward Control

4 DUAL-LOOP COMPENSATION CONTROL

4.1 The Influence of the Proportional Gain of
DVC on the Stability of the System

Under weak grid conditions, the increase of k, will easily cause
DC bus voltage fluctuations and grid-side current distortions.

In Figure 9A, the Nyquist curves of the impedance ratio are
shown. As k,, increases, the impedance ratio curve gradually
includes the (-1, jO) point. It shows that k,, will affect the stability
of the system.

4.2 The Influence of the Proportional Gain of

PLL on the Stability of the System

In a weak grid, the PLL and the grid impedance are coupled with
each other, and the voltage at the PCC point is distorted. The
increase in k,,y also increases the output error and reduces the
system stability.

In Figure 9B, it can be seen that as k,,; increases, the
impedance ratio curve gradually includes the (-1, jO) point. It
shows that the increase in k,p,; will make the grid-connected
system unstable.

Aiming at the problem that the grid impedance, the PLL, and
the DC voltage loop are coupled with each other, corresponding
control methods need to be adopted to suppress unstable factors.

4.3 Disturbance Compensation Method

of DVC

The disturbance path of the DC voltage loop in Figure 8 shows

that u affects i, ., through the DC voltage loop and then

affects the system output current through the current

loop. Adding a compensation matrix G4, at the output of the

DVC can offset the disturbance signal. Based on the small-signal

model, the compensation matrix can be obtained as follows:
Compensation signal:

Grac = Gu - Gac » Gede- (35)
—7)Comp _~>S "
1 L_dref = —( u - GPQ)Gde' (36)

Since Gy, only affects the d-axis, the control signal can be
obtained as follows:

.comp _

3 ;
ldref = —z cUg -1 Gfdc~ (37)

Disturbance Compensation Method of PLL
Figure 10 shows the disturbance path of the PLL, where the
voltage at the PCC point passes through the transfer matrix G, ;
and then affects the output voltage command through the current
loop. Therefore, a compensation matrix G, can be added at the
ACC to offset the disturbance signal.

According to Figure 10, let the compensation term Gy, be

Gsp =K -Gpy; - Gei. (38)
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FIGURE 11 | Diagram of the current loop control system with
compensation terms.

—c
Due to the control voltage being u , therefore according to the

relationship between the control loop voltage % and the system

voltage u , the actual feedforward term can be obtained:

G;p = K- Gipgr - Gp - Gg (39)
where
_ |0 igrer
Girer = [ 0 —igres ] (40)
k + ki N
Gp = M. (41)
s

Since Gy, only affects the q-axis current, the improved
current control equation of the inverter can be expressed as
follows:

k:
vy = <kp + i)(idref + it —ig) = wLiy + g
(42)

ki
vy = (kp + ?>(iq,ef —ig) + wLig + ug+uy - K- Gppy

The adjustment gain £ is used to adjust the magnitude of the
compensation signal, and Gy,, can be expressed as follows:

 ldref - (kppll + kipll/s) -G+ €

Gypg = (43)

S

Figure 11 of the current loop control system with
compensation terms is shown in, where Geomp-dc = 3/2-iq -
Gfdc > Gcomp—pll =K- Gqu-

Improved Dual-Loop Feedforward Control

TABLE 1 | Grid-Connected system parameters.

Parameter Symbol Value
Filter inductance L 19mH
Filter capacitance C oV
Filter impedance Rsw 10002
DC voltage Ve 600V
D-axis grid voltage Vg 200V
Q-axis grid voltage Vg ov
D-axis | current reference Igref —20A
Q-axis current reference igref 0A
Without G,,,,,, . With G, 4

% 80 Zy, 0 qu

% 30

50 1100

I~ _—— /120

890 Unstable 0 /

:fjl 8 : “=rPregion |

sz 10 10° _10° 10°

2 qu 9q

=

gﬂ 20

100 12 N/

ggo —J\ 0

20 -90 Unstable

S 9 ) region AN

1 0“ Frequency (rad/s) 1 05 1 00 Frequency (rad/s) 1 05
FIGURE 12 | Impedance frequency characteristics with and without
Gcomp—dc-

4.5 Analysis of Output Impedance

This section uses the data in Table 1 to analyze the frequency
characteristics of the inverter output impedance based on the
previous deduction.

Comparison of simulation results of impedance frequency
characteristics with and without Geomp-gc is shown in Figure 12.

It can be seen from the figure that when the PLL is acting, the
output angle of the PLL is affected by the q-axis voltage, and Z,,
characteristic is negative. The DVC and ACC use the angle to
transform the coordinates and then introduce the negative
influence of PLL to the d-axis. Z;; presents a negative
characteristic, and its amplitude is related to the output power
of the inverter.

After adding Geomp-dc» Zaqa presents the frequency
characteristic of positive impedance, which shows that the
voltage loop compensation strategy proposed in this study
effectively eliminates DVC’s negative effects on the d-axis. Zy,
still presents negative impedance characteristics.

Figure 13 shows the impedance frequency characteristics with
and without Geomp-pii, and after adding the PLL disturbance
compensation, Z,, presents the positive characteristic, and the
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FIGURE 14 | Phasor diagram of the inverter when perturbation happens
in g channel.

control method effectively eliminates the negative influence of
PLL on the q-axis and improves the stability of the system.

The negative influence of PLL on the q-axis makes Z,,; exhibit
negative characteristics. As the bandwidth of PLL increases, the
range of frequency characteristics of negative impedance on Z,,
becomes larger, while the bandwidth of PLL has little effect on the
amplitude of Zy,. Its amplitude is related to the output power of
the inverter.

As shown in Figure 14, the inverter current vector is
synchronized with the grid voltage vector. Assuming that the
inverter only delivers active power to the grid, when the
disturbance occurs on the g-axis, the voltage vector will
transition from thes original equilibrium state W to the new
equilibrium state # ;. Similarly, the inverter current vector will be
synchronized with the grid yoltage vector and transition from the
original equilibrium state i ; to the new equilibrium state i ;;.In
the low-frequency band, the calculation formula of Zg, is as
follows:

Zgg =~ =12 (44)
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FIGURE 15 | Frequency characteristics of Zy, under different grid-
connected power.

The amplitude of grid voltage remains unchanged, and as
the grid-connected power becomes larger, the amplitude of
Z4q becomes smaller. When the grid-connected power
changes, the frequency characteristic curve of Zy,; is shown
in Figure 15.

In Figure 15, different grid-connected power has no effect on
the phase angle of Z,, and as the grid-connected power becomes
larger, the amplitude of Z,; becomes smaller.

In Figure 13, the addition of the compensation term not only
eliminates the negative impedance characteristic of Z,, but also
reduces the amplitude of Zy; in the low-frequency band and
increases the output power of the inverter.

5 EXPERIMENTS

In order to verify the validity of the proposed control strategy, a
HIL simulation platform was built in the OPAL-RT real-time
simulation system which comprises an external controller and
simulation computer. Figure 16 is the OPAL-RT HIL system
structure diagram. The host computer (Host PC) is used to build
the system model and download it to the target computer
(OP5600) through the TPC/IP channel; the target computer
uploads information to the Host PC to monitor the operation
of the model in real time. The grid-connected inverter controller
adopts the TMS320F28335 digital signal processor (DSP). The
DSP controller is responsible for collecting model output signals,
performing real-time calculations, and generating PWM signals
to send to the I/O board of the target machine to control the
inverter.

When the output power of the PV array fluctuates:

Figure 17 shows the control experiment results of the PV and
energy storage system under case 1. P =4 kW. By changing light
intensity, in the first 2s, Ppy > Py, the battery is charged
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FIGURE 16 | HIL experiment topology.

smoothly. At 2s, P4 reduces to 2kW, Ppy < Py, SC discharges
quickly to compensate for the power fluctuation of the system,
and the battery discharges smoothly. At 4s, Ppy increases to 6kW,
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*‘ FIGURE 18| (A) v, of the system without SC in case 1; (B) v of HESS
1000 in case 1.
g
- 1000 SC absorbs the power impact, and the battery is charged
smoothly. During 6-8s, Ppy = P4, HESS works steadily.
3000 ‘ Figure 18 compares the waveforms of the vdc in different
) [ energy storage systems versus Ppy in case 1. It can be seen that v,
has different degrees of fluctuation and is finally stabilized at
0 D) 4 6 8 600 V. At 4s, the fluctuation is the most obvious. The system
Time (s) without SC is stable after 0.3 s with larger fluctuation amplitude;
_ HESS is stable after 0.1 s, and the fluctuation amplitude is smaller.
EIG_URE 17| (A) DC bus output power Pas; (B) PV array output power It proves that when Ppy fluctuates, the HESS has faster dynamic
pv; (C) HESS output power.

response performance and higher stability than battery energy
storage systems due to introduction of supercapacitors with
higher power density.

When the output power of the DC bus fluctuates:

Figure 19 shows the control experiment results of the PV
and energy storage system in case 2. At first Ppy < Py, the
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FIGURE 19 | (A) DC bus output power Pqc; (B) PV array output power
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battery is in a stable discharge state. Due to load reduction, P,
decreases, SC is charged quickly to compensate for the power
fluctuation, and the battery absorbs the remaining power
smoothly. When P, suddenly increases, the SC provides

A &em ﬁ\ﬁﬁ [20A/div]
B WIa f\?\ Ie [20A/div]
C /Y%em ﬁ\ }c‘ ' [20A/div]
i /%WM
FIGURE 21 | Grid-connected current waveform; (A) without
compensation; (B) with DVC compensation; (C) with PLL compensation.

sudden power to offset the impact, during which the battery
discharges smoothly.

Figure 20 compares the waveforms of the v, in case 2. The
most obvious fluctuation happens at 2s, the battery energy storage
system takes 0.2 s to get stable, and the fluctuation amplitude is
larger. The HESS takes 0.1s to get stable with a smaller
fluctuation. The HESS can overcome the shortcoming of the
slow response of the battery system to the sudden change of load
demand and effectively and quickly reduce the influence of
system power fluctuation vg;.

In order to suppress the negative impact of DVC and PLL,
the experimental results of the improved method for the
traditional inverter control strategy are as follows. Figures
21, 22 show the simulation results of the grid-connected
current before and after the compensation control is added
to the inverter. The addition of the DVC compensation
proposed in this article effectively eliminates the negative
impact of the DC voltage loop, and the harmonic distortion
rate of the grid-connected current is reduced from 4.18% to
1.02%. The system becomes stable and meets the grid-connected
standards. The harmonic distortion rate of the grid-connected
current is reduced from 1.02% to 0.68% when the negative
influence of the PLL is compensated on the g-axis, which proves
the validity of the control method proposed in this study.

In Figure 23, the experimental results show that in the very
weak-grid condition, after compensation is added at 0.5s, the
distortion of the grid current is suppressed. The grid-connected
system is restored to a stable state.

The common fault in the grid-connected operation of the PV
system is simulated. The single-phase grounding fault current is
measured at the PCC point. When a single-phase ground fault
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occurs at the PCC point, the grid-connected current will change
rapidly. A-phase ground fault occurs at 0.9 s. At 1.2 s, the A-phase
ground fault is eliminated. The experimental results are shown in
Figure 24. When phase A is grounded, it increases rapidly and
distorts. After the fault is eliminated, the current can quickly
recover to the current waveform before the A phase is grounded
in about 0.01 s. After adding compensation, due to the negative
feedback signal in the DVC compensation, the output current is
greatly reduced when the fault occurs, and the current waveform
is almost stable. The experimental results show that the proposed
control method has a certain anti-interference ability to single-
phase ground fault.

A ; single-phase grounding fault [40A/div]
THD=4.11% At=0.01s
0.8 0.9 1 1.1 1.2 13
B i l -phase grounding fault [40A/div]
THD=1.94% At—O 01s
0.8 0.9 1 1.1 1.2 1.3
FIGURE 24 | Phase-A grounding fault current; (A) without
compensation; (B) with compensation.

6 CONCLUSION

Aiming at the DC side voltage disturbance of the PV and energy
storage system, this study adopts a HESS with a self-adaptive LPF
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to quickly and effectively stabilize the DC bus voltage. A small-
signal model of the grid-connected inverter is established in the
dq coordinate system, and the influence of the DC voltage loop
and PLL on the output impedance of the inverter is discussed. The
DC voltage loop disturbance compensation method based on
power feedforward and the PLL disturbance compensation
method based on voltage feedforward are proposed. The
analysis results of the impedance frequency characteristics and
HIL experiment show that the proposed method can reduce the
range that the output impedance appears as a negative
characteristic, thereby improving the stability of the system.
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