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Modeling and Analysis of a Digitally Controlled
Grid-Connected Large-Scale Centralized PV System

Jinhong Liu

Abstract—Multi-inverter systems have been widely used for
grid-connected large-scale centralized photovoltaic (LSCPV)
plants. However, the problem of how time delays affect the sta-
bility of digitally controlled grid-connected LSCPV plants with
multi-inverter systems has not been investigated sufficiently. This
paper models a grid-connected LSCPV system as a cascade sys-
tem and conducts a systematic study of the relationship between
the time delay and the stability of a grid-connected LSCPV sys-
tem. The analysis intuitively reveals the influence of the time delay
on the stability of the grid-connected LSCPV system. The impact
of the time delay on the stability range of the number of grid-
connected inverters in LSCPV plants is discussed for the first time,
and the stability range for a specific time delay is obtained from
the root locus. In addition, considering the damping performance
is negatively affected by the time delay, an improved capacitor-
current-feedback active damping method is proposed to reduce
the effects of the delay on the damping region and the robustness
against variations in the grid impedance. Simulations and exper-
imental results are presented to validate the theoretical analysis
and the effectiveness of the proposed delay compensation method.

Index Terms—Allowable inverter number, delay compensation,
digitally controlled, large-scale centralized photovoltaic (LSCPV)
plants, time delay.

I. INTRODUCTION

HE photovoltaic industry has developed rapidly in recent

years. According to the latest market data from Solar-
buzz, the total installed capacity of the global photovoltaic (PV)
power generation system was approximately 294 GW in 2016.
In addition to having a higher power output than small-scale PV
(SSPV) plants, large-scale centralized PV (LSCPV) plants have
more significant opportunities for using parallel inverter tech-
nologies with centralized management and control as a strategy
to promote the efficient utilization of solar energy. Under ap-
propriate conditions, LSCPV plants can provide grid-friendly
functionality, such as peak-clipping and reactive compensation,
by employing solar distribution characteristics and energy stor-
age technology. Therefore, LSCPV plants have become an im-
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portant development trend in PV and have drawn increasing
amounts of attention with the steady decrease in the cost of
LSCPYV plants and the continual increase in generation benefits
[11-[4].

Although LSCPV plants have been widely implemented due
to their high efficiency and multifunctionality, they still ex-
hibit several problems during grid connection. Because LSCPV
plant sites are typically located far from load centers, a trans-
mission network, which primarily consists of a stepup trans-
former and transmission lines, is needed to convey electricity
from LSCPV plants to distant load centers. However, with the
use of the transmission network, an impedance will be intro-
duced to the multi-inverter system of a grid-connected LSCPV
plant through the point of common coupling (PCC); this al-
lows the current of the grid-connected inverter to circulate be-
tween the inverters and between the inverter and the power
grid, which influences the quality of the power supply and
the stability of the grid-connected system. Furthermore, the in-
teraction between PV plants and the power grid will become
increasingly significant with increases in PV plant capacity
[4]-[10].

To address these problems, many studies have been devoted to
the modeling, analysis, and control of grid-connected systems
[4]-[20]. Li et al. [5] investigated a full-feedforward scheme
of grid voltages based on a model of a grid-connected inverter
with an LCL filter and proposed a full-feedforward function
of the grid voltages to reduce the grid current distortion of
the grid-connected inverter. Since the obtained model of grid-
connected inverters is relatively complex and inconvenient to
use in the analysis of grid-connected systems, Sun [6] proposed
an impedance-based stability criterion to analyze the stability
of a single grid-connected inverter system based on the inverter
output impedance and grid impedance, and [4], [7], and [8] built
a Norton equivalent circuit of a grid-connected multi-inverter
system and investigated stability issues of inverters that operate
in parallel. Lazzarin et al. [9] employed two control loops to
avoid current circulation between the inverters and to ensure
the proper sharing of the load current, and He and Li [10] pro-
posed a generalized closed-loop control scheme with embedded
internal and external virtual impedance terms to improve the
system stability and damping relative to that of conventional
controllers. However, time delays were not considered in the
modeling and analysis of grid-connected inverter systems in
these studies; thus, these analyses and methods may be inappro-
priate or insufficient for a digitally controlled grid-connected
system.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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With the increasing performance-price ratio of digital signal
processors (DSPs), fully digital control has been widely used
to replace analog control in high-power switching converters
[11]. However, the use of digital control introduces a time de-
lay into the control system, which will influence the system
stability [11]-[17]. Therefore, to analyze digitally controlled
systems more accurately, researchers have begun to integrate
the time delay into the modeling of grid-connected inverters
[11]-[17]. Since the time delay changes with variations in the
duty ratio update mode, a small signal method was proposed to
model grid-connected inverters with different time delays under
the most common circumstances [11]. Based on the obtained
model, Wang et al. [12] investigated the stability of single-loop
grid-connected inverters and obtained a stable range of the time
delay. A linear predictor was also adopted to realize the time
delay compensation in [12]. Miskovic et al. [13] adopted a Lu-
enberger observer to perform the time delay compensation, but
the state observer is sensitive to changes of the system parame-
ters, and the observer may be invalid when the situation changes.
In addition to the direct-delay-compensation methods discussed
above, many publications have also explored methods to en-
hance the stability of the system by extending the damping re-
gion, which is decreased by the time delay [14]-[18]. One-sixth
of the sampling frequency (f;/6) was proven to be the critical
frequency for the stability of a digitally controlled LCL-type
grid-connected inverter [14]-[18]. Therefore, a system damp-
ing region compensation method was proposed in [14] and [15]
to increase the critical frequency, which is directly related to the
damping region, from f; /6 to approximately 0.25 f;. However,
since the systems in previous papers were discussed for the case
of a switching frequency equal to half of the sampling frequency,
the critical frequency may not be sufficiently high to ensure sta-
bility if the ratio of the switching frequency to the sampling
frequency is changed. In addition to studies on the stability of
single grid-connected inverters with a time delay, parallel multi-
inverter systems with a time delay have also been discussed in
several publications due to the large number of applications for
this type of system [19]-[21]. Turner et al. [19] demonstrated
the bandwidth limitations that occur in grid-connected parallel
multi-inverter systems when considering the time delay. Zhang
and Ma [20] presented methodologies for predicting the stability
of a parallel multi-inverter system with networked control while
considering the time delay. He et al. [21] developed a model
of a microgrid with N parallel inverters in the z-domain with
consideration of the time delay and investigated the resonance
problem in the microgrid system using the model.

The influences of the time delay, control strategy, grid
impedance, and other system factors on single grid-connected
inverter systems were researched in depth in the papers dis-
cussed above [11]-[18]. However, studies on digitally controlled
multi-inverter grid-connected systems have primarily concen-
trated on the effects of the grid impedance on the stability of
the system [4], [19]-[21], and few studies have focused on the
effects of time delays on grid-connected multi-inverter systems,
even when the time delay is considered in the modeling of
multi-inverter systems.
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Therefore, this paper focuses on building a model of a dig-
itally controlled grid-connected LSCPV system and analyzing
the effects of the time delay on the system stability. A method
for extending the damping region is proposed to improve the sta-
bility and robustness of the system. In Section 1II, the digitally
controlled grid-connected LSCPV system is modeled in detail.
Then, based on the obtained grid-connected LSCPV system
model, an impedance-based criterion is used to clearly identify
the effects of the time delay on the stability of grid-connected
LSCPV systems in Section III. The effects of the time delay on
the stability range of the number of grid-connected inverters in
LSCPYV plants is discussed using the root locus, and an improved
capacitor-current feedback is proposed to improve the system
damping performance by extending the damping region. The
theoretical analysis is verified by simulations and experimental
results in Section IV, and Section V concludes the paper.

II. MODELING OF THE GRID-CONNECTED LSCPV SYSTEM
A. System Description

The main topology of the grid-connected LSCPV system,
which mainly consists of an LSCPV plant, split-winding trans-
formers T, a medium-/low-voltage transmission lineland a
large-capacity stepup transformer 759, is shown in Fig. 1. The
circuit of the grid-connected inverters in the LSCPV plant is
shown in Fig. 2(a), where the dc bus of the inverter is consid-
ered an ideal constant dc voltage source V., and the parasitic
resistance associated with the inductor is neglected. The equiv-
alent single-phase circuit is shown in Fig. 2(b), where u; is the
inverter output voltage, and wu,, is the output voltage of the
inverter.

The control strategy that is typically used in grid-connected
inverters in PV plants is a cascaded-loop control [3], [4], [7]. The
outer loop controls the voltage of the dc bus and can be ignored
in the analysis of the system when the dc bus is considered to
be an ideal constant dc voltage source, as shown in Fig. 2(a).
To complete the control of the grid-side current i, the grid-side
current ¢; and capacitor current i, are sensed as the feedback
variables for the inner loop of the inverter control system, where
the capacitor current 7. is measured to implement the active
damping in the LCL circuit. Since the grid-side current reference
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(b)

Fig. 2. Grid-connected inverter with an LCL filter in an LSCPV plant. (a)
Power circuit. (b) Equivalent single-phase circuit.

15 is used to control the system stability, the output voltage of
the inverter behaves as a disturbance and can be considered to
be equal to zero when describing the modeling and stability of
the grid-connected inverters.

B. Modeling of the Transmission Network

Because the main power network, which includes the 220
kV and a higher extra-high-voltage long-distance transmission
network and its power network, can be considered to be equiva-
lent to an ideal voltage source, the modeling of the transmission
network in this section primarily focuses on the large-capacity
stepup transformer and the medium- and low-voltage transmis-
sion lines, which are between the LSCPV plant and the main
power network.

In the power system calculation, the reactance of a large-
capacity transformer is approximately equal to the modulus of
its impedance [22], [23]. Thus, because the resistance can be
neglected, the percent impedance Uy (%) of a transformer can
be expressed as

31y Z 31y X
Uk(%) _ fU?\ T fUij T «

where Uy and [y represent the rated voltage and rated current
of the transformer, respectively, Zr and X7 are the impedance
and reactance of the transformer, respectively.

Therefore, the large-capacity transformers can be considered
to be equivalent to an inductance, which can be derived from
(1) as

x 100 ~ 100 @))]

~ Up(%)UR
"~ 100wy Sy

where Sy is the rated capacity of the transformer and wy is the
fundamental angular frequency of the grid.

Since the transmission lines of 35 kV or less are typically used
to convey electricity from the LSCPV plant to large-capacity
stepup transformers, the transmission line in the grid-connected

2
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Fig. 3. Equivalent circuit model of the transmission network.

LSCPV system can be represented as an impedance and is ex-
pressed as

Zy=rl+ jxl 3)

where [ is the length of the transmission line, and r and x are the
resistance and reactance of the transmission line per unit length,
respectively.

From (2) and (3), the expression of the equivalent impedance
of the transmission network in the s-domain can be derived as

Zix(8) = Lixs + Ry = (LTT + Z{l)) s+l 4)
where L, is the equivalent inductance of the transmission net-
work, and Ry, is the equivalent resistance of the transmission
network. To facilitate the modeling and analysis, the equivalent
impedance of the transmission network from (4) can be related
to the low-voltage side of the split-winding transformer by

Z,(s) = Lys + Ry = k* Z,(s) = k* (LTT + zl) s+ k*rl
0

®)
where k is the turns ratio of the split-winding transformer, and
Ly and R, are the inductance and resistance, respectively, of
the transmission network with respect to the low-voltage side
of the split-winding transformer. The equivalent model of the
transmission network in the grid-connected LSCPV system is
shown in Fig. 3, where u, and upcc represent the grid-side
voltage and PCC voltage referenced to the low-voltage side of
the split-winding transformer, respectively.

C. Modeling of the LSCPV Plant

To implement an independent control in the control loop with-
out using a decoupling module, the scheme of the inner control
loop for the grid-side current ¢5 is developed in a stationary
frame, as shown in Fig. 4, where G (s) is the current controller,
and a proportional-resonant (PR) controller is used

2k, w;s
$2 4 2wis + wi

G(:(S) - kp + (6)

The synchronous sampling method is adopted to obtain the
average value of the current in a switching period and to avoid
switching noise [12]. Using a digital control system, the com-
putation process of the DSP microprocessor gives rise to a time
delay of one sampling period (7) that can be given by [12] and
(16]

Ga(s) = e T+, (N
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Fig. 4.  Single inverter control loop for the grid-side current.

With the pulse-width-modulation (PWM) reference updated, T — 1
it will be held on and compared to the triangular carrier to gener- G ()L ) Fows (5) (
ate the duty cycle. This process can be modeled as a zero-order- e o (5) tel2)
hold, which results in a delay of 0.57; and can be expressed as ) T -
[16]. [25] 1 R

Gy (8) 11 (5) Y () Upin(S)

1—e st —0.5sT,
Gh(S):f%Tse R ®) t T -
. . L e ) +

After combining (7) and (8), the transfer function of the total G (5) 10 (5) Y (5) Upe(S)
delay in the control loop can be expressed as I T _

—1.55T,
Gial(s ) =Tse bt 9 Fig. 5. Norton model of the three-phase inverter.

Since an exponential expression is not convenient for the anal- Lrm I
ysis of the system stability, (9) is commonly used by means of a Tm
second-order Padé approximation [24], [25], which is expressed

— YY"
by
LTm2
1.55T,)" — 9Tys + 12
Gra(s) ~ 7, LT = 9T, . (10)
(1.5sT5)" 4+ 9Tss + 12 i . L
Fig. 6.  Equivalent model of the split-winding transformer.

Furthermore, &, is the active damping coefficient, which is
used to achieve active damping of the resonance of the LCL
circuit. The transfer function of the inverter is represented by
Fpwm, which is expressed as kpym = Vie/Ve, where Vg, is the
dc-side voltage, and V; is the amplitude of the carrier.

From Fig. 4, the relationship between the grid-side cur-
rent igmn, the grid-side current reference i), ., and the
PCC voltage upcc in the nth inverter of the mth MW-
level module can be obtained by (11), where Gyyn(s) =
kpmetdmn(S)’ Wrmn = 4/ 1/(L2mncfmn)’ Wresmn —
\/(len + L?mn)/(LlnlrlL?manmn)a n = 2m(0 <m S N),
and N represents the total number of split-winding transformers
in the LSCPV plant

e Gt [0 gt [

)
smnf (3) smnf} s Upv s (S)
(1

1)
where, see (12) and (13) shown at the bottom of this page.

With an inverse Clarke transform, (11) can be transformed
into three-phase static coordinates as

ismna (S) i:mna(s) upva (8)
ismnb(s) — Gmn(s) 7:j‘;mnb(s) - Y;qmﬂ (S) uPVb(S)
Z'smnc(s) Z.:mnc(s) UPV(’(S)

Fig. 5 shows the Norton model of a single three-phase in-
verter based on (14). Because the three-phase inverter model is
interphase decoupled, an A-phase equivalent Norton model of
the grid-connected LSCPV system is built and used to analyze
the stability of the entire grid-connected LSCPV system in the
following sections.

Based on the characteristics of split-winding transformers,
which are widely used in LSCPV plants, the split-winding trans-
former T in Fig. 1 is presented in Fig. 6, and the leakage in-
ductances of the high-voltage side (L7 ) and the low-voltage

Gsmn (S)ngn Gemn (5)

Gmn (5)

- lenss + kdmnGsmn(S)SQ + lenwrQesmns + Gsmn (S)Gcmn(s)wgmn
(len/LZmn)32 + (kdmnGsmn(s)/Ian)s + wzmn

12)

K(1m11(3)

lens3 + kdmnGsmn(S)SQ + Llrnnwgesmns + Gsmn(S)Gann(s)‘*}%mn

13)
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Fig. 7. A-phase model of the grid-connected LSCPV system. (a) A-phase

equivalent model of the grid-connected LSCPV system. (b) Simplified A-phase
equivalent model of the grid-connected LSCPV system.

side (Ly,,1 and Lrp,,2, respectively) satisfy Lp,,1 = Ly,2,
LY, ~0][26].

Fig. 7(a) shows the Norton equivalent model of the A-phase
grid-connected LSCPV system after combining the transmission
network model with the LSCPV plant model, where Lt,,; and
T'r o represent the leakage inductances of the low-voltage sides
of the split-winding transformers.

When each inverter in the LSCPV plant is stable, the cur-
rent reference Gy (s) - i%,,, (s) and the admittance Y,qy,, in
Fig. 7(a) are rearranged as shown in (15) and (16), respectively,
and the equivalent model of the grid-connected LSCPV system
in Fig. 7(a) can be further simplified to that depicted in Fig. 7(b)

GIIIH (S)i:mn (S)
K({mn(S)LTlllns + 1
Y:eqmn (5>
)/cqmn(s)LTmnS + 1 .

5)

ipvm n (8) -

vamn(s) = (]6)

By applying a superposition method to Fig. 7(b), the grid-side
current of the nth grid-connected inverter of the mth MW-level
module in the grid-connected LSCPV system can be derived as

ismn () = <1 - Ypvmn () ) i
smn = N B} pvmn
Dom=1 2n—1 vamn(5) + Yg(s)
_ vamn(s)y}] (5) w (8)
N 9
Zm:l Z?L:l vamﬂ(s) + Yg(é)
vamn(s)
B Zt 1 Zh 1 hyén

—1 Zn 1 prmn( )WLYg(S)

a7

Equation (17) indicates that the inverters in the grid-connected
LSCPYV system are coupled and interact with one another, which

ipvth (3)
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reduces the output power quality and can even destabilize the
grid-connected LSCPV system [4], [11]-[13].

III. ANALYSIS OF THE DELAY-DEPENDENT STABILITY OF
GRID-CONNECTED LSCPV SYSTEM

Because the inverters that are installed in the majority of
LSCPYV plants are typically manufactured by the same company
and are of the same type, the parameters of the grid-connected
inverters in the LSCPV plant are assumed to be the same. Based
on the model of the grid-connected LSCPV system that was
obtained in Section II, the influence of the time delay on the
grid-connected LSCPV system is discussed in this section.

A. Effects of the Time Delay on the Stability of
Grid-Connected LSCPV System

Although the effects of a time delay on the stability of grid-
connected multi-inverter systems have been discussed in several
publications [11]-[13], it is necessary to discuss them again
in the context of a digitally controlled grid-connected LSCPV
system. A different method is employed to intuitively demon-
strate the influence of the time delay on the stability of a grid-
connected LSCPV system.

The simplified grid-connected LSCPV system model in
Fig. 7(b) illustrates that the grid-connected LSCPV plant is
equivalent to a current source (4,y) in parallel with an output
admittance (Y}, ) and in series with a grid impedance (Z,) and a
grid voltage (u,). Therefore, the effects of the time delay on the
stability of the grid-connected LSCPV system can be evaluated
using the impedance-based stability criterion [6].

Because the parameters of the grid-connected inverters in the
LSCPYV plant are the same, (17) can be simplified as

AN, (5) + Yg<s>)

ismn(s) == (1 -
_ Y;)V(S)YYG(S) u (8)
2NY,y(s) +Y,(s)

Yo (s)

(s)
— ipvth(8). (18)
tzlh §¢ 2NY )+Y( )P
Then, (18) can be rearranged to
dsmn (8) = {[1 + 2N,y (8)/Yy () — Yoy (8) /Yy (8))ipvmn
N 2
You(s)ug(s) Z Z o(8lipven(s)}
t=1 h=1,h#n
! (19)

1+ 2N Y, (), ()’

The following two assumptions are made based on the
impedance-based criterion to analyze the stability of a grid-
connected LSCPV system:

1) the LSCPV plant is stable when it is off the grid; i.e., (15)

has no unstable poles;
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2) the gridis stable when it is connected to the LSCPV plants;
i.e., the transmission network impedance Z, has no right
half-plane zeros.

In this case, ¢pymn, tpvin, and u, are stable, and the stability of

the grid-side current 7,,,,, depends on the stability of the second
term on the right-hand side of (19)

1
Yo (5) /Yy (5)’

By linear control theory, H(s) resembles a closed-loop trans-
fer function of a negative feedback control system that has a unit
forward gain, and the feedback gain is 2NV}, (s) /Y, (s). There-
fore, the stability of H(s) depends on whether 2NY},, (s) /Y (s)
satisfies the Nyquist stability criterion. When the other system
parameters are determined, the influence of the time delay on
the stability of the grid-connected LSCPV system can be eval-
uated using the Nyquist diagram of 2N}, (s)/Y} (s), which is
shown in Fig. 8. As the time delay increases, the Nyquist curves
gradually approach (-1, jO), and the system stability margin is
reduced. When the time delay increases to 120 us, the point
(-1, jO) is enclosed by the Nyquist curve, which indicates that
a larger time delay leads to a lower system stability, and the
system may become unstable when the time delay exceeds a
certain value.

H(s) =

20
142N (20)

B. Effects of the Time Delay on the Stability Range of the
Number of Grid-Connected Inverters

Because the number of grid-connected inverters (2N) is di-
rectly related to the grid-connected capacity of the LSCPV
plants, the effects of the time delay on the stability range of
the number of grid-connected inverters should also be consid-
ered to achieve stable operation of the grid-connected LSCPV
system.
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Substituting (15) into (18) leads to the closed-loop transfer
function of the grid-side current, which is given by

Yeq(s)
Yy(s) (Yeq(s)Lrs +1)

i smn = |1-
B 9) = |1 oY)+

G(s) .
) 3;“(;51;;;;qjjizsnnl(5)
Yeq(s)Yy(s)
T 2NYeq(5) + Yy (5) (Yeq (5) s + 1

Veg(s)
T 2NYeg(5) + ¥y (5) eq () Lrs + 1)
N
>

t=1 h=

)ug (s)

2

E Zth

1,h#n

. 21
Y LT8+ @D

From Fig. 7(b), the PCC voltage of the LSCPV plant can be
derived as

1
upcc(s) = 2NYpy (8) + Y, (s) ;;Zp‘th

2NYyy (s) + Y, (s)

After substituting (15) into (22), the closed-loop transfer func-
tion of the PCC voltage can be obtained as

Yeq(s)Lrs+1
2NYeq(s) +Yy(s) (Yea(s)Lrs +1)

LTS+1ZZZt11

t=1h=1

UPCC(S) =

+ YG(S) (YEq(S)LTS + 1)

2N Voq(s) + Yy (5) (Yo (5) L1 + 1)

ug(s).
(23)

If the grid-side voltage u, and the current reference ;) of the
other inverters are considered as disturbances, (21) and (23) can
be further simplified as

Yeq(s)
2N Yo (5) + Yy(5) (Vea (91 L5 + 1)

Yoq(s)Lps+1 "

}/eq(S)LTS +1
2NYeq(s) +Y,(s) (Yeq(s)Lrs +1)

G(s) SR
~Xngz:¢Z;§¥m@>

Note that the characteristic (24) and (25) are the same and
can be expressed as

ismn(s) = |1-

(24)

upcc(s) =

(25)

_ 2 3 4 5 6
f(s)=ap+ars+ass” +ags’ +ass” +azs’ + ags

+ars’ 4+ ags® + ags’ (26)
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TABLE I
STABILITY RANGES OF THE NUMBER OF GRID-CONNECTED INVERTERS

Time delay 7y (us)  Stable ranges

30 2N <52
2N > 61.5

60 2N < 3.1
2N > 93.7

75 2N <23
2N > 105.4

where a; (i = 0 ~ 9) are shown in the Appendix due to space
limitations.

According to the stability criterion, the grid-connected
LSCPV system is stable only when the poles of the charac-
teristic equation f{s) are located on the left half-plane. Based
on (26), the root loci of the characteristic equation f{s) for time
delays of 30, 60, and 75 us are illustrated in Fig. 9.

As shown in Fig. 9, the poles gradually approach the imagi-
nary axis and pass through it when the number of grid-connected
inverters exceeds 2Ny; (i = 3, 6, and 7, where 3, 6, and 7
represent delays of 30, 60, and 75 us, respectively). Mean-
while, as the number of grid-connected inverters continues to
increase, the poles gradually begin to approach the imaginary
axis and finally return to the left half-plane when the number
of grid-connected inverters exceeds 2Ns; (¢ = 3, 6, 7). The
pole position changes with the number of grid-connected in-
verters, which indicates that the system stability initially in-
creases and then decreases as the number of grid-connected
inverters increases. The poles are located in the left half-plane,
which means that the grid-connected LSCPV system is only
stable when the number of grid-connected inverters 2N satisfies
2N < 2Nj;or2N > 2Ny (1 = 3,6, 7).

It should be noted that the intersections of the root loci and the
imaginary axis are the limits of the numbers of grid-connected
inverters between which the system can work stably. Therefore,
the stability ranges of the number of grid-connected inverters in
Fig. 9 can be obtained, and they are listed in Table I according to
(26). With increasing time delay, the stability range of the num-
ber of grid-connected inverters decreases significantly, which
means that the allowable grid-connected capacity of LSCPV
plants also decreases as the time delay increases.

C. Improved Capacitor-Current-Feedback Active Damping

As discussed in the previous section, the digitally controlled
stability of the grid-connected LSCPV system is weakened by
the digital time delay. Because many publications have focused
on reducing or eliminating the effects of the time delay on the
stability of digitally controlled grid-connected inverter systems
[12]-[16] and considering the simplicity and effectiveness of
the delay compensation method, a damping region extension
method is proposed to increase the stability and robustness of
the system. Moreover, for an LCL-type grid-connected inverter
with capacitor-current feedback, the capacitor-current feedback
is directly related to the damping region; thus, a wider damp-
ing region can be obtained by improving the capacitor-current
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feedback [14]-[17]. However, although the damping region
has been efficiently extended using improved capacitor-current
feedback in previous studies, the methods that were used were
designed for cases in which the switching frequency is half of
the sampling frequency; thus, the upper limit of the damping
region only needs to be extended to approximately 0.25 f; since
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Fig. 10. Improved control loop of the grid-side inverter.

the LCL resonance frequency should be chosen to be between
ten times the line frequency and one half of the switching fre-
quency according to the LCL design criteria [27], [28]. There-
fore, with an increase in the ratio of the switching frequency to
the sampling frequency, the undamped region will increase or
even account for half of the possible system resonance frequen-
cies when the switching frequency is the same as the sampling
frequency. Thus, the methods proposed in previous studies may
not be sufficient to supply a sufficiently large damping region,
which leaves the system vulnerable to instabilities due to shift-
ing of the resonance frequency.

To address this issue, an improved capacitor-current feed-
back is required to expand the damping region in this case.
As in the method described in [15], although the critical fre-
quency increases as the order of the lead element increases, the
system will become difficult to stabilize or even become unsta-
ble with the increase of the lead element order. Therefore, an
improved capacitor-current-feedback method that considers the
complexity of the system design and the increase of the critical
frequency for the case that the switching frequency is the same
as the sampling frequency is proposed to extend the damping
region and increase the system stability for a larger ratio of the
switching frequency to the sampling frequency. Fig. 10 shows
the current control model with an improved capacitor-current
feedback, where Ly = L, + L,, and G, (s) is the feedback
element of the capacitor current and can be expressed as

kq

Gu(s)= ——F.
)= et 1)

27)

Taking 7 = 0.8 as an example, for the synchronous sampling
case (A = 1), based on the capacitor-current-feedback equiva-
lent impedance Z.,(s) defined in [16], the capacitor-current-
feedback equivalent impedance of the improved capacitor-
current feedback can be obtained as

Ly

— — R TefsTS +1 261.55TS
Cf kpwm th (S)Gw (8) d( )

(28)
. Substituting s = jw into (28) yields

Zeq(s)

L
Where Rd = kp wm éj/ ka

Zoq(jw) = Req(w) + j Xeq(w) (29)

where

{Req (w) = cosl.5wTy + (172 + 27)cos(0.5wTy)

Xeq(w) = sinl.5wTy + (=72 + 27)sin(0.5wTy) ° (30

According to (30), the boundary frequency at which R4
becomes negative or positive is 0.37fs;. The damping region

ey

Fig. 11.  Equivalent discrete model of the grid-connected inverter.

will increase from (0, f;/6) to (0, 0.37f;), and thus the system
robustness will increase [16].

Based on Fig. 10, after applying the z transformation, the
discrete-time domain control model of the single inverter is
shown in Fig. 11, where

2k,.wiTs (Z - 1)
22 4+ (WAT2 4 2w Ty — 2)z — 2w; Ty + 1

is(2)
ui(z) Ly + Ly

Ge(z) =Ky +

BuwTsz— z(z— I)QSin(wreTs)
Buwyez(z — 1)

kpwm

Gis(z)= ]

B = 2% — 2zcos(wye Ty) + 1,

G- (Z) — ZC(Z) _ kpwmz(z - 1) Sin(w,eTs)
YT wi(2) weeLl 2[22 — 2zc0s(wre Ty) + 1]
2

Gu(z) = m,

and Wre = \/(Ll + Lf)/(LlLth)

The open-loop transfer function of the system with the im-
proved capacitor-current feedback can be obtained from Fig. 11
as

T(z) =

Gc(z)lepwm [BWI'CT9 - (Z - ]-)QSinwrcTQ]
(L1 + Lt ) (2 — 1)[Bwre L1 2 + kpywm (2 — 1) Gy (2)sinwye T5 ]
(€29

According to Jury’s criterion, when G.(z) = 1, the case of
the system without poles outside the unit circle can be obtained
from (31) as follows:

1 —bﬂ > ‘bg —b1b4|
(1= 83)° = (b2 = baba)’| > | (1= B3)(bs — babs)  (32)
— (bs — biba)(bs — biby)|

where 0 = kpwm kgsinwee T /wre L1,

by = 0.64, by =
1.6 — 0sin(wy Ts) — 1.28cos(wye L), by = dsin(wTs) —

3.2cos(wreTs) + 1.64, and by = 1.6 — 2cos(wy.Ts). Thus,
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the stability range of k; can be obtained from (32) with the
designed resonant angular frequency.

Furthermore, according to the Nyquist stability criterion, in
addition to considering the location of the open-loop poles in the
analysis of the system stability, the number of —180° crossings
of T(z) should also be investigated [12], [15], [16]. Therefore,
with a series of equivalent transformations for (31), where G..(z)
is simplified as k, and z is substituted by e/“7* [12], the phase
of T(z) can be derived as

C1€3 — €]

T (jw) = actan———— — 7

33
cier + coes (33)

where ¢;, ¢, €1, and es are listed in the Appendix because of
space limitations.

Fig. 12 shows the relationships between £7'(z), ¢, and k,
for two cases: f, < 0.37f; and f, > 0.37f,, where ¢ (0<(<1)
is the ratio between the system resonance frequency f, and the
sampling frequency f,, and ky,,, represents the upper limit of k.
As shown in Fig. 12(a), when f, < 0.37f; and 0 < kg < kg,
the —180° crossings occur at f /6, the left side of 0.37 f; and
0.5fs. However, when k; > kg, the —180° crossings only
occur at f; /6 and 0.5 f;. In the case of f, > 0.37f,, there is also
a critical value of k;, which is denoted by kg, in Fig. 12(b) and
can be obtained by solving (33). When 0 < k; < kq., there are
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Fig. 13.  Bode plots of T'(z) for four cases.

four —180° crossings in the system: one at f /6, two between
0.37fs and 0.5f, and one at 0.5f,. If k; > kq., the —180°
crossings only occur at f,/6 and 0.5 f;.

Based on the previous analysis, four cases of the inverter with
the improved capacitor-current feedback can be summarized as
follows: Case A: fio < 0.37fs, 0 < kg < kqm; Case B: fro <
0.37fs, kq > kgm; Case C: fro > 0.37fs, 0 < kg < kqc; and
Case D: f,. > 0.37f,, kq > kq.. To analyze the system stability
for the four cases more intuitively, the Bode plots of 7(z) for
the four cases are shown in Fig. 13 based on (31). Without
considering the —180° crossing at the Nyquist frequency, for
Case B and Case D, only one —180° crossing exists in the
system at fs /6. For Case A, two —180° crossings occur: one at
fs/6 and another on the right side of 0.37 f. For Case C, there
are three —180° crossings: one at f; /6 and two between 0.37 f
and 0.5 f. Therefore, according to the Nyquist stability criterion
and the previous analysis of the open-loop poles for different
cases, the systems in Case B and Case D cannot reach stability
due to the existence of a pair of open-loop unstable poles. The
stability conditions of the systems in Case A and Case C can be
derived as follows:

CaseA :

T (z = elweTr) <1

< land |T(z = ejwcsz)

CaseC :
T (2 = e/ T)| < 1,|T(2 = e/ T)| > 1
and ’T(z = ej“"ciiTs) <1

(34
where w, is the cutoff angular frequency, and w.» and w3 rep-
resent the angular frequencies of the second and third —180°
crossings, respectively, which are located between 0.37f; and
0.5fs.

The stability ranges obtained by the preceding method for
the number of grid-connected inverters in the grid-connected
LSCPV system with the improved capacitor-current feedback
are shown in Table II. Compared with the stability ranges of
the number of grid-connected inverters for the system with the
conventional capacitor-current feedback, which are shown in
Table I, the stability ranges for the system with the improved
capacitor-current feedback expand as the system stability in-
creases.
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TABLE II
STABILITY RANGES OF THE NUMBER OF GRID-CONNECTED INVERTERS WITH
THE IMPROVED CAPACITOR-CURRENT FEEDBACK

Time delay Ty (y8) Stable ranges

30 2N <79
2N > 30.5
60 2N < 6.1
2N > 583
75 2N < 5.6
2N > 76.4

TABLE III

MAIN PARAMETERS OF THE GRID-CONNECTED INVERTER

Quantity Notation Value
Line voltage Uy 270V (rms)
DC-side voltage Vie 720 V
Line frequency fo 50 Hz
Rated power P 500 kW
Grid side filter inductance Lo 11 nH
Inverter side filter inductance Ly 66 nH
Filter capacitance Cy 548 uF

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

An equivalent grid-connected LSCPV system model with the
improved capacitor-current feedback was built and tested in
MATLAB/SIMULINK to validate the theoretical analysis and
the obtained stability ranges of the number of grid-connected

TABLE IV
MAIN PARAMETERS OF THE TRANSMISSION NETWORK

Component Quantity Notation Value
Short-circuit voltage (%) U % 10.5
Large capacity Rated voltage of low-voltage side U, 10kV
stepup transformer  Rated voltage of high-voltage side Uy, 110 kV
Rated capacity N 6300 kVA
Transmission Line Resistance r 0.21 2/km
Reactance X 0.34 Q/km
Line length 1 20 km

inverters. The main parameters of the system are listed in Ta-
bles Il and I'V.

According to (5), the equivalent impedance of the transmis-
sion network is

L,

1

The equivalent inductance of the 10 kV split-winding trans-
former is equal to its low-voltage windings leakage inductance
value, which is 10.4 pyH. Based on Table II, when the time
delay T, is 60 ps, the grid-connected system is stable only
when the number of grid-connected inverters (2N) satisfies
2N < 6.10or2N > 58.3. When the time delay Ty is 75 us,
the stability range of the number of grid-connected inverters is
2N < 5.60r2N > 76.4. Because the simulation is tedious if
the number of inverters is large, only 2N < Ny; (1 = 6, 7)
is considered in the simulation and the experiment. Moreover,
since working in the damping region is essential to obtaining a

(387 + 15.78)H = 19.65 uHl

=3.1mQ (35)
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Fig. 15.  Pole maps of the equivalent reference current i, . (a) System with the conventional capacitor-current feedback and a time delay of 60 ys. (b) System
with the conventional capacitor-current feedback and a time delay of 75 ps. (¢) System with the improved capacitor-current feedback and a time delay of 60 ps.
(d) System with the improved capacitor-current feedback and a time delay of 75 ps.

Distribution
Three-phase Inverter

Fig. 17.  Main experimental setup.

higher-quality output current and making the system easier to
stabilize, the system is designed to work in its damping region;
thus, with the stability requirements in (32) and (34), the pro-
portional coefficient &, and active damping coefficient k; are
obtained as 0.72 and 0.2, respectively.

To demonstrate the superior performance of the proposed

SN N 1 delay compensation method, Fig. 14 shows the waveforms of
12 14 1.6 1.8 2 22 24 26 28

T r
| |
| |
I I

3 . . . .
s ° the grid current ¢,, which can be considered the output cur-
®) rent of the entire grid-connected LSCPV system, and its fast

Fourier transformation (FFT) analysis for time delays of 60
Fig. 16. Simulation waveforms of the grid current i, with varying grid and 75 ps in two systems: the system with the conventional

impedances at 2 s. (a) System with the conventional capacitor-current feed- e . .
back. (b) System with the improved capacitor-current feedback. capacitor-current feedback and the system with the 1mproved
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Experimental waveforms of the grid current i, . (a) System with the conventional capacitor-current feedback and a time delay of 60 us. (b) System with

the conventional capacitor-current feedback and a time delay of 75 ps. (¢) System with the improved capacitor-current feedback and a time delay of 60 us. (d)

System with the improved capacitor-current feedback and a time delay of 75 ps.

capacitor-current feedback. The grid current i, is stable only
when the number of grid-connected inverters is within its stabil-
ity range, and there is a wider stability range for the number of
grid-connected inverters in the system with a time delay 7y of
60 ps. In addition, the system with the improved capacitor-
current feedback remains stable with more inverters than the
system with the traditional capacitor-current feedback, which
validates the effectiveness and advantages of the method pro-
posed in Section III. Fig. 15 shows the pole maps of (15) for the
case shown in Fig. 14. As seen, the poles are located in the left
plane, which indicates that the equivalent reference current (4, )
is stable in all of these situations. As discussed in Section III,
the off-grid LSCPV plant is stable only when each inverter in
the plant is stable, and the stability of the equivalent reference
current of the inverter (i) is the key to inverter stability in the
off-grid LSCPV plant. Thus, the results shown in Fig. 15 are
consistent with the assumption that the LSCPV plant itself is
stable even when the entire system is unstable.

Furthermore, as was discussed in previous studies, the system
damping region is directly related to the stability and robustness
of the grid-connected inverter system [14]-[18]. Therefore, for
LSCPV plants, which primarily consist of inverters, the wider
inverter damping region obtained from the proposed capacitor-
current feedback will increase both the stability range of the
number of grid-connected inverters and the system’s robustness

against variations in grid impedance. Fig. 16 shows the wave-
forms of ¢, for two grid-connected inverters in two systems,
and values of L= 1 pH and R, = 0 ) are used to change the
system resonance frequency from 2214 Hz (< f,/6) to 6850
Hz (< 0.37f,) with a change in the grid inductance (L) from
10 to O pH at 2 s. Fig. 16(a) shows that i, becomes unstable
when the system resonance frequency is higher than its critical
frequency, which is f /6 in the system with the conventional
capacitor-current feedback. However, in the system with the im-
proved capacitor-current feedback, the grid current ¢, remains
stable and maintains a better quality even when the system res-
onance frequency of the inverter is considerably higher than
fs/6. A wider damping region in the system with the improved
capacitor-current feedback is verified to provide the system with
satisfactory damping performance, which is essential to obtain-
ing a better quality output current and higher robustness against
variations in grid impedance.

B. Experimental Results

Experiments were conducted on a three-phase inverter sys-
tem. Fig. 17 shows the main experimental setup, which com-
prises a three-phase inverter, a dc distribution and other
additional circuits. An ac distribution is used to simulate the
grid-side voltage to reduce the influence on the real grid, and
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impedances. (a) System with the conventional capacitor-current feedback.
(b) System with the improved capacitor-current feedback.

the transformer and transmission line are equivalent to the
impedance given in (35). In contrast to the equivalent model
of the grid-connected LSCPV system, which contains numer-
ous inverters, because an LSCPV plant that contains numerous
large capacity inverters is difficult to construct in the laboratory,
2N times the equivalent impedance is used instead of increasing
the number of grid-connected inverters 2N [4], [9], [19].

Fig. 18 shows the experimental waveforms of the grid cur-
rent for time delays of 60 and 75 us in the system with the
conventional capacitor-current feedback and the system with
the improved capacitor-current feedback. Because the increased
number of grid-connected inverters is replaced by an increased
impedance, under the operational model with constant output
power, the magnitudes of the grid current remain nearly con-
stant when the system is stable because the grid voltage re-
mains steady. Moreover, when the number of grid-connected
inverters increases beyond its stability range, the grid current
becomes unstable, which verifies that the stability range of the
number of grid-connected inverters decreases as the time delay
increases and expands with the proposed damping region ex-
tension method. These trends indicate that the system with the
improved capacitor-current feedback can be stable with a larger

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

number of grid-connected inverters since the system stability
was considerably better with the proposed method.

Fig. 19 shows the experimental waveforms of the grid current
with Ty =75 pus, Ry = 0 Q and Ly = 1 pH, and varying grid
impedance from 10 to 0 H in the system with the conventional
capacitor-current feedback and the system with the proposed
method. When L, decreased to 0 H, 7, becomes unstable in
the system with the conventional capacitor-current feedback but
remains stable in the system with the proposed method, which
verifies that the system with the improved active damping loop
can obtain a wider damping region and simultaneously retain a
satisfactory output current quality.

V. CONCLUSION

This paper presents a detailed process for the development
of a digitally controlled grid-connected LSCPV system model
and obtains an equivalent Norton model of the grid-connected
LSCPV system. The effects of time delays on the stability
of grid-connected LSCPV systems are discussed based on the
model and the impedance-based criterion. The influence of the
time delay on the stability range of the number of grid-connected
inverters is determined by the root locus, and the stability range
of the number of grid-connected inverters is obtained. To im-
prove the system stability, a delay compensation method is pro-
posed to extend the system damping region, which is reduced by
the time delay. Simulation and experimental results validate the
analysis of the effects of the time delay on the grid-connected
LSCPV system and the calculated stability range of the grid-
connected inverter.

The influence of time delays on grid-connected LSCPV sys-
tems was comprehensively explored using a model of a digi-
tally controlled grid-connected LSCPV system in the s-domain,
and the results and the applied analysis method are helpful
for analyzing and designing digitally controlled grid-connected
LSCPV systems. However, a more accurate z-domain model
may be needed for further analysis of the stability of the digitally
controlled grid-connected LSCPV system, and additional exper-
iments in actual grid-connected LSCPV system are required to
verify the theoretical analysis and the obtained stability range
of the grid-connected capacity of the LSCPV plant. Moreover,
although the system damping region was extended to (0, 0.37 f;)
by the proposed method, a region of (0.37f,, 0.5 f) that is not
covered by the damping region still exists when the sampling
frequency is equal to the switching frequency. Therefore, an
improved delay compensation method is a future direction of
research.

APPENDIX
According to (26), the coefficients of f(s) can be obtained
using Mathematica and are: ay = (24N + 12k, kzpwm)wg
a1 = 12L7 Rywi + 48Nw, + 24Nkgkpym Crwi

+ 24NT.9W(2) - 6kpwm T kpwg Rg + 24kpwmwc kp Lg

+ 12k kpwi Ly + 24k m krwe R,
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a9 =

as =

ay =

as =

[(12kgkpym Crwi Ry + 12T5wi Ry) (L + Ly)

+ (24kpymwe Ly — 12kpm Tswe Ry ) (ky + k)
+24Lr Ryw, + 12Ly Ty Ryw§ + 12Ly Lywi + 24N
+ 48N kgkpym Cwe +48 NTw. — 12N kgkpwm C; Tswi
+ 8NT?w 4+ 24NLyCpw? + kpwmn T2 ky Wi R,

— 6kpwm Tskywi Ly + 12kpwmky Ry

[(AT?wW2 R, + 24Tsw Ry + 12TsW3 Ly)(Ly + Ly)

+ (2kpwm T2 we Ry — 12w kpwm T L) (kp + k)
+12L7 Ry + 24L7 Ty Ryw, + 24L7 Lyw,

+ 24 L7 kikpwm Crw. Ry + 121y Ly Cy Rywi

+ 4L T?Rywi + 12L7 Ty Lywd — 6Ly kikpwm

O Twi Ry + 24Nkgkyym C + 24NT, — 24Nkgkpym
T,Cw. + 16NT?w, + 48N L1 Cyw, + 2Nkikyym
T2Ciwi + NT3W3 + 24N Ly Cy Towi + 12kgkpym
LyCwi Ly + +hpwm T2 kpwi Ly — 6kpym Tk, R,

+ 12kpwmkp Ly + 127 kgkpwm Crwi L]

[(0.5T2 Rywi + 8T Ryw, + AT Lywi

+ 24T Lyw.)(Ly + Ly + Ly) + 12L,C; Tyswi R,

(Ly + Ly)12Ly Ty R, + 12T, R, (Ly + Lo) + 12Lr L,
+ 12L7 kakpwn Cs Ry + 24L1 Ly Cy Ryw,

+ 8NT? — 12L7kgkpwm Cr Tswe R,

+12L Ly O Ty Rywi + Ly kakpwm Cr T2 w3 R,

— 12NkgkyymCTs+ 24N L1 Cy + ANkgkyym T2 Crw.
+2NT3w, + 48N L C;Tyw, + 8NL C;T?wd

+ 12k kpwm Lo Cy Ry — 6kakpwm Lo TsCy Ryw.

+ kpkpmee?Rg + 2kpme3Wch(kp + k)

— 6kpwm Tsky Ly + 24 L7 kgkpwm Crwe L,

— 6 L7 kakpwm TsCy Lywi]

[(4T?R, + 12T, L, + 8T? Lyw,. + 0.5T° L,w}

+ T3 Ryw.)(Ly + Ly + L) + (4L, LyC; T2 W3R

+ 2410, C;Tswe Ry + 120, C; Twi Ly — 6kgkpym

x O4Ts Ry + 2kakywm CT2w.Ry)(Ly + L)
+12L7kgkpwm Cy Ly (T — 1) + 120, Ly C} R,

+24L, Ly Cy Tyw.Ly + 12L1 Ly C; Twi R,

+ 2Nkgkpwm T2Cp + NT? + Lrkgkpwm T2 Cy Lyw}
+24NL,C; Ty + 16NL O T?w, + NL, C; T3 W}

+ 12k gkpwm Lo C Ly — 6kakpym LoCy Tow, Ly
+ kdkpmeELg]

ag = [(0.5T2 R, +4AT? Ly + T2 Lyw,) (L1 + Ly + L)
+ (kakpwm C; T2 Ry + 8L1C T2 Ryw,
+ 241, Cy Tywe Ly — 6kgkpum O Ty Ly,

+ dekpwmchEngc + 12Ll CfTng)(LZ + LT)
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+12L1 Ly Oy Ly + 8Ly Ly CyT? Lywy + 8N L Cy T2

+2NL O TP w. + 0.5L1 Ly Cy T2 W3 R,

a7 = [0.5T2Ly(Li+Ls+Ly)+(4L,C; T2 Ry+12L, C T, L,

+ L1Cy T2 Ryw, + 0.5L,C T2 Lywi + kakpwm
x C4T?Ly)(Ly + L1) 4+ 16 L1 LyC; T?w,. L,
+ NL,C¢T?], and
as = [(0.5L,C¢T? R, + L Cy T2 Lyw,.)(La + Lr)
+8L1 Ly Cy TS Ly ),

The coefficients in (33) are listed as follows:
¢1 = cos(6wTy) + (by — 1)cos(bwTy)+
(bg — by)cos(4wTy) + (by — by)cos(3wTy)
+ (b1 — by)cos(2wTs) — bycos(wTy)
e = sin(6wTy) + (by — 1)sin(5wTy)+
(bg — by)sin(4wTy) + (b — bs)sin(3wTy)
+ (by — by )sin(2wTy) — bysin(wTy)
dy = cos(4wTy) + bycos(3wTs )+
(by — 0)cos(2wTs) + (b + d)cos(wTy)
dy = sin(4wTy) + bysin(3wTy) + (bs — §)sin
(2wTs) + (b + d)sin(wTy)

ag = 0.5L,C;T3L,(Ly + Lr).

d3 = cos(4wTy) — 0.4cos(3wTy) — 1.56c0s(2wT5)

+ 0.96cos(wTy) + 0.64

dy = sin(4wTy) — 0.4sin(3wT})
— 1.56sin(2wTy) + 0.96cos(wTy)
€1 = wpeTsdy — dzsin(wyeTy)

and s = wyeTsdy — dysin(wyeTy).
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