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Abstract:

With the rapid development of renewable energy, large amount of power need to be transmitted to loads centers and series-capacitor
compensation (SCC) plays an important role in the renewable power transmission. However, it has been pointed out that SCC
interacts with inverters and threatens system stability. This research investigates the influence of SCC on inverters control and
proposes the strategies for enhancing system stability based on the instability mechanism. The impact of SCC on inverter current
control and synchronization control is firstly analyzed. The current control model is established by system transfer function and
the synchronization control model focusing on transient stability is established based on the traditional synchronous reference
frame phase-locked loop (SRF-PLL). The bode and nonlinear analysis methods are respectively utilized in stability analysis of the
current and synchronization control. It is found that SCC has little effect on inverter current control but affects synchronization
control seriously. SCC reduces the stability range of synchronization control and causes system instability when there is a large
frequency disturbance. In order to improve system stability, two approaches of optimizing the PI controller and designing a band-
pass filter (BPF) inside PLL are then proposed. Finally, the simulations and experiments are presented to verify the correctness of

theories.

Keywords: Inverters, Grid integration, Reactive power compensation, Stability

1. Introduction

Renewable energy as a primary source of future energy has
exploded in popularity in recent years [1]. In general, renewable
energy such as wind or solar is difficult to connect directly to
the power system. Inverters are the crucial component to realize
energy conversion and grid integration. However, although
inverters are very important, their control stability is always
affected by the power grid [2]-[6].

In modern power systems that with substantial renewable
energy penetration, grid following and grid forming are two
basic types of grid-connected inverters [7,8]. Grid forming
inverters are frequently used in microgrids that operate in island
mode, supplying power to local loads without high-voltage
long-distance transmission lines to transport power. Grid
following inverters, on the other hand, are frequently used in
big centralized renewable power plants for transmitting
maximum power to the power grid. Because of the large
distance between centralized renewable power sources and
loads centers, grid following inverters generally work with the
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series-compensated transmission lines. As a result, this paper
focuses on the effects of SCC on grid following inverters.

The stability of grid following inverters is mostly influenced
by the weak power grid [9,10]. The transfer function based
impedance model and differential equations based state space
model are developed to study the stability problem [11-14]. The
impedance-based method has a significant advantage when
system detailed parameters are unknown because the
impedance can be obtained by terminal measurements.
However, the disadvantage is that it is difficult to identify the
root-cause of the instability [15]. On the contrary, specific
system parameters are normally required to create a state space
model. The weakly damped and unstable modes of the system
are able to be easily obtained, but the model order is quite large,
necessitating an order reduction technique [16]. Despite the fact
that these two common methods for evaluating system stability
are the most popular, they are both based on small signal
linearization technique, which makes it difficult to explain
system dynamics under significant disturbances. Nonlinear
stability analysis methods such as Lyapunov function and phase



portraits are used to investigate the large signal characteristics,
especially for PLL based synchronization control, where
system stability is classified into static and dynamic stability
problems [17-20].

Based on the stability analysis method, it is found out that
inverter current control and synchronization control are prone
to instability when gird impedance is considerable [21,22].
However, in most studies, the grid impedance is assumed to be
inductive and SCC is not taken into account. In fact, in wind
farms, SCC has been reported to interact with inverter control
in doubly fed induction generators (DFIG) and cause sub-
synchronous control interaction (SSCI) problems [22]-[26].
Even if the structure of the inverter is fundamentally different
from DFIG, the system with SCC appears inferior stability
performance than the system without SCC for general grid
following inverters. To the authors’ knowledge, few research
has been done on the thorough stability analysis for the
inverters system with SCC from the perspective of inverter's
detailed control loops. Given that SCC is critical for the
transmission of renewable energy and that its impact on inverter
control has an influence on the overall system stability, more
research needs to be done to look into the behind stability
problems.

This paper aims to give a thorough analysis of the influence
of SCC on inverter control. Firstly, the impact of SCC on
inverter current control and synchronization control is
analyzed, which is one main contribution of this paper. Then,
the related stability enhancement approaches are proposed
according to the instability mechanism, which is another
contribution of this paper. Finally, simulations and experiments
are used to verify the theory. The findings of this paper can
provide reference for the investigation and resolution of
inverter system instability problem caused by SCC, which
contributes to the stable and reliable operation of gird-
connected renewable power system.

The rest of this paper is organized as follows. Section 2
analyzes the influence of SCC on inverter control. Section 3
proposes the related stability improvement solutions according
to the instability mechanism. Section 4 presents the simulation
and experimental results to support the theories, followed by the
conclusion in Section 5.

2. Stability analysis of inverters with SCC lines

SCC is required in long distance power transmission lines,
but it also has an impact on inverter control stability. This
section first analyzes the influence of SCC on inverter current
control, and then goes into depth about the synchronization
control.

Series compensation as one important compensation
approach plays a vital role in reactive power compensation,
especially for the situation that parallel compensation is
ineffective. The simplified one-line diagram of inverter system
with SCC is shown in Fig. 1. where Ly, C, L, are inverter’s LCL
filter and Lg, Cy are the corresponding grid inductor and series
compensation capacitor. Parameter n denotes the paralleled
number of inverters. The main parameters of a typically used
500 kW inverter in large PV plants are provided in Table | in
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Fig. 1. Simplified one-line diagram of a three-phase grid-
connected inverter system with SCC.

Given that this paper focuses on the impact of SCC on
inverter control, the interaction between inverters is ignored.
The system can be equivalent to a single inverter system [7],
[27]. The grid impedance and series capacitor are
correspondingly as:

n
Z (s)=nsL +—
o (8)=nsl, 5, (2)
The amplitude of Zy(s) can be calculated by:
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where  is system angular frequency. Equation (2) shows that
SCC works directly on the grid inductor to minimize the total
grid impedance. And ideally, the amplitude of grid impedance
can be compensated to zero when wLg=1/wCy. In general, o is
assumed as the constant grid frequency wq and SCC is designed
when w=wgy. However, in an inverter system, the frequency is
determined by inverter synchronization control and often
deviates from wq during system dynamic process. Therefore,
Zy(s) shows great fluctuation in response to the change of
inverter control, and is easy to affect inverter control.

2.1 SCC’s effect on inverter current control

Fig. 2 depicts the diagram of inverter current control taking
into consideration of SCC, where G¢(s) is the PR controller and
k. is the active damping coefficient realized via capacitor
current feedback. Y(s) is the inverse of grid impedance (Z4(s)).

Fig. 2. Diagram of inverter current control loop considering
SCC.

According to Fig. 2, the open-loop transfer function of the
current control loop is derived as:

T.(5)= Y (3)G. () K pum
) s°L,C +SCk, K + Y, (5)SL, +1
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The Bode diagram of (3) is shown in Fig. 3. The instance
without SCC is shown by the red-dotted line. The green-solid
and blue-dash-dotted lines represent the conditions that system
short circuit ratio (SCR) is lowered (i.e. SCC increased). It has
been discovered that decreasing SCR causes a decrease in
system phase margin. This behavior is consistent with the
system without SCC [21]. Therefore, the series capacitor has
minimal effect on inverter current control. This is further
demonstrated by the impedance spectrum of Zg (s) which shows
that the amplitude and phase are almost identical regardless of
whether SCC is employed in the frequency range that current
control works.
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Fig. 3. Bode diagram of inverter inner current control loop

2.2 SCC’s effect on inverter synchronization control

In Fig. 1, the input signal of the PLL is the inverter output
voltage which is directly regulated by SCC. Therefore, SCC is
incorporated into PLL’s control by inverter output voltage.

According to the current control diagram in Fig. 2, inverter
can be modeled as a Norton equivalent circuit from the power
grid perspective [9]. And the current source is determined by
inverter current reference and PLL. Take the PLL control into
account, the entire system is depicted in Fig. 4, where Gi(s) and
Yi(s) are the transfer function from current reference and
inverter output voltage to inverter output current that can be
derived by Fig. 2, and:
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Fig. 4. Equivalent model of inverter synchronization control in
grid-connected system.

As inverter output voltage U; is the important part
connecting PLL control and inverter circuit. The stability
analysis model should be deduced start from U;. Taking inverter
current reference and grid voltage as the input variables, Ui is
expressed as:

U T ( )U +T ( P” )GI (wpll ) Iiref (7)
where wg is grid frequency and wpn is inverter output current
frequency:
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Expressing U; in its exponential form [28]:
Ui = Tv( |e 9+9 |T pII G (a)pll ) Iiref ej(9|+9p||) (9)

where | | represents calculating amplitude, 6,, 6y, and 6; are
respectively the phases of Ty, Uy, and TiG;, and Gy is the phase
outputted by PLL.

In dq frame, U; is expressed as Uigq and,

Uy, =Ue "
Tv( |e g +g ep" |T pII G (a)pll ) Iiref
The component Uiy in g axis is used for phase-locked control,
and is given by:

U, =[T, (@, )U,|sin(6, +6, - 6,,)

T (wpII)G ( pll) iref
=V, +V,

Substituting (11) into Fig. 4, the simplified model is shown
in Fig. 5, where V, represents the grid voltage effect and V;
represents the inverter current impact. According to (11), Vyand
Vi, are the functions of system frequency and are influenced by
grid inductor, SCC and inverter current control loop. When
system frequency is operating at fundamental frequency,
according to (8) and (9), Vi is almost zero because of the
existence of SCC. However, when system frequency has a large
disturbance, Vi is considerable to interact with V, to threaten
system stability.
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Fig. 5. Simplified model of inverter synchronization control




In order to further investigate the stability problem, system
is equivalently transformed into its second-order differential
form. According to Fig. 5, PLL’s output signal p is expressed
as [29]:

0= [ (@ + KU, + K, [U,dt )dt

=0, + [ (KU, + K, [U,dt )dt
Assuming Gpi-64=9, after twice differential operations, it is
simplified as:

(12)

5=K,U, +KU,. (13)
Taking x1=6, Xxo= 4§ , the original system is expressed as:
X, = X
{Xl - . (14)
X, = KPUiq + KIUiq =f (lexz)

According to (14), system phase portraits are plotted and
shown in Fig.6. Comparing Fig.6(a) and Fig.6(b), it can be
observed that when a substantial frequency variation occurs,
system becomes unstable. This is due to the fact that SCC only
acts on the fundamental frequency point, whereas the non-
fundamental frequency points have a big Vi. As Vi is determined
by SCC and inverter current reference, system stability should
be improved when SCC and/or current reference are reduced.
Fig.6(c) and Fig.6(d) prove that when SCC and current
reference are lowered, the unstable system becomes stable
again even with the same considerable frequency deviation.
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Actually, Vi can be viewed as a disturbance injected into
system synchronization control by inverter current. The system
can only be stable if Vy is able to counteract V;and ensure Uiq=0.
Therefore, Vishould be smaller than the maximum value of Vy
[31], the inverter current reference should then satisfy:

I < T (“’g)ug| .
" ”Tl (wpn )Gi (a’pll )|Sin (9' )|
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Equation (15) gives the maximum limit of inverter current
reference for system stability throughout the whole frequency
range. The maximum current reference versus frequency is
plotted in Fig. 7 where the per unit value of current is given with
the rated value of 1512 A (500 kW system). When the real
current reference exceeds the curves, system control will lose
its equilibrium point and become unstable. When the system
frequency deviation is significant, the real current reference can
easily exceed the curve limits for a given current reference.
Accordingly, two conclusions can be drawn by Fig.7. (1) SCC
deteriorates system stability in the frequency range below the
fundamental frequency. This can be explained by the
comparison of the system with and without SCC (red-solid and
black-dotted lines in Fig. 7). The maximum current curves with
SCC (red-solid line) are obviously below the curve without
SCC (black-dotted line) in low frequency range. (2) For a given
current reference, the increase of SCC reduces system stability
range. This is concluded by the blue-dashed line and red-solid
line where smaller SCR corresponds to bigger SCC. It shows
that the increase of SCC reduces the range of frequency
deviation that satisfies the current reference below the
maximum curve. To be more intuitive, the allowable frequency
deviation range for system stability under constant current
reference is shown in Fig.8. It can be observed that when SCR
is reduced, two curves progressively approach 50 Hz, indicating
that a system with greater SCC allows for smaller frequency
variation. Smaller current references, on the other hand,
increase system stability in systems with a constant SCC. This



is because that reducing current reference effectively enlarges
the permitted frequency deviation range according to the
comparison between the red-solid line and blue-dashed line.

When system frequency deviation exceeds the stability
range, Vi will be bigger than V.. System frequency « will
deviate from wq and rise or fall under the action of Pl controller
until gets to a new equilibrium point where the dc component
of Uiq is zero. The new equilibrium point ws can be predicted by
Vi=0. This is because that V, has no dc component but a
sinusoidal signal oscillating at wg-e:

V,=[T, (e, )U, [sin((@,-o)t+8,). (16)

Due to Uig=V\+Vi, and Vyis unable to push « moving, therefore,
the new equilibrium point is determined by Vi. The plots of Vi
are given in Fig. 9. The system with SCC are shown by the red
solid line and the green dash-dotted line. Compared with the
case without SCC (blue-dashed line), it can be observed that
SCC leads to a large absolute value of V;j in the low frequency
region, which accounts for the instability caused by SCC. On
the other hand, by the comparison between the red-solid line
and green-dash-dotted line, considering inverter current control
loop reveals system another equilibrium point ws. Between 50
Hz and ws, the value of Vi is negative. When system frequency
w moves into this range, w will keep decreasing until it reaches
ws under the action of PI controller. When o below ws, Vi
becomes positive and makes w increase. In the end, system
frequency will be stable at ws. However, without taking into
account the inverter current control loop, this equilibrium point
and instability process are not visible. As a result, it can be
stated that SCC influences system stability through its influence
on Vi, and thus taking into account the inverter current control
loop is critical in identifying system equilibrium points and
instability process.
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To validate the theoretical analysis, the waveforms of
system frequency under varied SCR and SCC are presented in
Fig.10 using the model in Fig.5 and the parameters in Table I.
The grid inductor and SCC are implemented at the time instant
of 0.1 s. It is demonstrated in Fig.10(a) that the application of
SCC results in frequency resonance for the same SCR system
(by the comparison between the red-solid line and blue-dotted
line), and aggravates the resonance range for smaller SCR
system (by the comparison between the blue-dotted line and
black-dashed line). When SCR is reduced further, SCC directly
destabilizes the system as shown in Fig. 10(b) where system
frequency deviates to another operation point ws and oscillates
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Fig. 10. Waveforms of PLL output frequency. (a): change of
SCR and related SCC. (b): same SCR with and without SCC.

3. Stability improvement methods

As illustrated in section 2, the frequency deviation, inverter
current reference, and SCC all have an impact on the stability
of a system with SCC. However, the current reference and SCC
are dictated by system capacity and operating circumstances
that are difficult to adjust. Therefore, system stability can be
enhanced by controlling frequency variation. Two solutions for
controlling frequency deviation are given in this paper:
changing the PI controller settings and constructing a BPF inde
PLL.

The PI controller’s transfer function is given by:

Gy (5) =K, ot an

s
According to Fig. 9, when system has a tiny frequency
disturbance about 50 Hz, the current effect loop Vi is nearly
zero, thus Vy is the major input signal to the PI controller at this
moment, and the frequency deviation is able to be calculated
by:
Aw=KV, +K, [V,dt

K, [T,u (18)
=K, TVUg|sin(Acat+9v)-'A—;)g|cos(Aa)t+0v)
rearranging,
Aw=A_sin(Awt+6,+0, ) (19)

where



A = Ko +(K Jz
Aw

_KI
0, =arctan| ——
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Parameters Kp and K, are related to the amplitude of Aw.
Therefore, the frequency deviation is able to be reduced by
reducing Kp and/or K;.

In order to provide a reference for designing Pl parameters
to improve system stability, the cutoff frequency of Pl
controller is defined as wy, and:

(20)

®,= — 1 (21)

According to (21), for a real cutoff frequency, Kp must be

smaller than 1/\/5 . Then, K;is able to be calculated by a well-

defined Aac by substituting Kp into (20) based on a selected
small Aw.

According to (20), smaller Kp and K; can help to limit
system frequency deviation, but it also increases system
response time [32]. A tradeoff must be made when using a PI
controller to avoid the instability induced by SCC.

In order to overcome the limitation of adjusting PI
controller, the frequency deviation can be restricted by a band-
pass filter outside of PI controller as shown in Fig. 11.

g

Ui
.a_> Jk —> abc l 1__gpu

Ulc _> Band-pass filter _> dq —» GPI(S) —}++ 2
Ulq Dpll

Fig. 11. BPF for restricting frequency deviation.

The expression of BPF is given by:
2lw s
H(s)= 2o
§° +26m,S + w,
where wn is the natural frequency and & the damping ratio. Bode
plot is given in Fig. 12, with w,=100x rad/s and & changes from
0.05 to 0.75. It is shown that BPF only passes through the
fundamental frequency and with negligible phase influence. Its
damping ability for other frequency components is determined
by & and small & means large damping ability. For the system
with big current reference and/or SCC, the permitted stability
range for frequency deviation is small, thus smaller &is required
to ensure system stability.

For the unstable case in Fig. 10(b), the simulation results are
shown in Fig. 13 after applying different stability improvement
methods, where applying BPF, reducing current reference, and
optimizing Pl parameters are respectively shown by the red-
solid, blue-dotted, and black-dashed lines. It is seen that all
methods can improve system stability and BPF outperforms the
other two methods. The advantages and disadvantages of them
are shown in Table 2 in appendix.
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4. Simulation and experimental verification

In order to verify the correctness of the stability analysis and
the effectiveness of the stability improvement methods, a three-
phase 500 kW inverter system and a small laboratory-scale real
system were respectively built in MATLAB/Simulink with the
parameters in Table 1 and our laboratory with the parameter in
Table 3. The simulation and experimental results are given in
this section, which are consistence with the theoretical analysis.

4.1 Simulations

In the simulations, the grid inductor was 0.4 mH which
corresponding to SCR=1.16. In order to verify the instability
caused by SCC and the effectiveness of the proposed stability
improvement methods, SCC was firstly implemented in the
normal operation system. Then, for the unstable circumstance
caused by SCC, the stability improvement methods were
applied such as reducing inverter current reference, adjusting Pl
parameters and utilizing band-pass filter. The implementation
of SCC and the stability improvement methods was realized by
the controllable switches. A step control signal was adopted to
control the switches. Before 0.5 s, switches were controlled to
connect with the original grid inductor and control parts (e.g.
initial current reference, PI controller, etc.). At 0.5 s, switches
were controlled to switch to the circuit with SCC, optimized P,
and band-pass filter.



wwfw wxx:m%”‘“%mzéM
“'ﬂ" ‘M{}Wfﬂ”ﬂ;{;w?wwmw m,"'m ~~ 1"‘"*%@@%‘&‘&%‘“@%&*&*
A %’%f&@%Wﬂxigc%fﬂ@:E W

Fig. 14. Simulation results of the detailed grid-connected inverter system with SCR=1.16. (a): Applying SCC at 0.5 s. (b):
Reducing current reference at 0.5 s. (c): Applying BPF at 0.5 s. (d): Optimizing PI parameters at 0.5 s.

The simulation results of the detailed inverter system are
shown in Fig.14. First, the instability caused by SCC is shown
in Fig. 14(a), where SCC was implemented at 0.5 s for the
system with SCR=1.16. The resonance phenomenon of currents
and voltages is due to the inverter modulation restriction (the dc
side voltage cannot support the inverter side voltage when
system works at the low frequency point under a large
equivalent grid impedance caused by SCC). For the unstable
SCC system, In Fig. 14(b), the current reference was reduced
from 1512 A to 1000 A. It shows that reducing current reference
effectively stabilizes system by expanding system stability
range, which proves the theory that system instability is caused
by the reduction of system stability rang shown in Fig. 7. As the
reduction of current reference affects system output power in
practice, two different stability improvement methods were
then utilized to solve the instability problem through the
switches controlled by step signal. The stabilizing process are
respectively shown in Fig. 14(c) and Fig. 14(d). In Fig. 14(c),
the band-pass filter was switched into system at 0.5 s. In Fig.
14(d), the original PI controller (Kp=0.7, K,=78) was replaced
by a new PI controller (Kp=0.5, K|=5) at 0.5 s. It is shown that
the original resonance system becomes stable again after
applying the stability improvement methods. In addition, by the
simulation waveforms, it is observed that modifying PI
parameters causes system a long adjusting time than using a
band-pass filter.

4.2 Experiments

Given the limits of laboratory tests, the original 500 kW
inverter system was substituted with an equivalent small
laboratory-scale three-phase grid-connected inverter system as
shown in Fig. 15. The inverter control loop was implemented in

RT-LAB real time controller. The dc side voltage was provided
by the DC Sources LAB/SMS. The grid voltage was provided
by a three phase step-down transformer. In the original design,
the inverter working current was 2 A, and the PI controller
parameters inside PLL were: K/=0.7, K/=78.

Fig. 15 Experimental system

In the experimental system, the grid impedance with and
without SCC was connected with inverter by switches. By
operating the switches, series capacitors were connected into
system to verify the instability caused by SCC. When system
with SCC, the implementation of the stability improvement
methods were realized in RT-LAB. The current reference value
(Irer) and PI parameters (Kp, K1) and a defined step control signal
(controlling the switch in of band-pass filter) were selected as
the variables in RT-LAB interface panel. Relatively control
strategies were changed on line by changing the values of these
variables directly in the interface panel.
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Fig. 16. Experimental results of inverter output currents and voltages of phase a. (a): Stable to unstable case when SCC
implemented. (b) Reducing current reference. (c) Applying BPF. (d): Optimizing Pl parameters.

The experimental results are shown in Fig. 16. Fig. 16(a)
shows that system become resonance after applying SCC,
which verifies that SCC deteriorates system stability. For the
instability circumstance, Fig. 16(b) shows that decreasing the
current reference can effectively stabilize the unstable system
by broadening system stability range. In order to verify the
proposed stability improvement methods, optimizing PI
parameters and implementing a band-pass filter were
respectively adopted for the instability case and the results are
shown in Fig. 16(c) and Fig. 16(d). It shows that two methods
effectively improve system stability. Therefore, the
experimental results provide good support for the theoretical
analysis.

5. Conclusion

SCC is commonly used for reactive power compensation
and is necessary in extremely weak power grid, nevertheless, it
is found out that it affects the control stability of inverters in
renewable power system. The mechanism of instability and
solutions for improving stability are investigated in this paper.
When the system SCR is low, SCC is prone to causing system
instability. The main cause of the instability is the large
frequency deviation. Under a significant frequency deviation,
system deviates from its fundamental frequency to another
equilibrium point that is determined by inverter current control

loop. To improve system stability at the fundamental frequency,
methods for reducing frequency deviation by tuning PI
parameters and building a BPF in front of the PLL are proposed.
The results of the paper can be used to guide the stability
analysis of inverters connected to a series-compensated
transmission line, and are important for the utilization of
renewable energy.

Appendix

Table 1 Parameters of simulation inverter

Symbol Description Value
Uge DC voltage 700 V
f Fundamental frequency 50 Hz
fs Switching frequency 5 kHz
Ly Inverter side filter inductor 0.2mH
L, Grid side filter inductor 0.05 mH
C Filter capacitor 220 pF
wo Resonance frequency of PR controller 3.14 rad/s
ko Proportional term of PR controller 0.456
Kr Resonance term of PR controller 226.076
W Bandwidth frequency of PR controller 3.14 rad/s
ke Active damping coefficient 0.9
Ug Grid voltage (line-line RMS) 270V




Table 2 Comparison of stability improvement methods

Methods

Advantages Disadvantages

Reducing current

Power loss, Difficult

Fast, Reliable, Suitable
to calculate the proper

reference for static stability

current
Modifying Pl Without additional Affecting system
controller control dynamic performance

Band-pass filter

Simple to realize, better
performance

Needing additional
filter

Table 3 Parameters of experimental inverter

Symbol Description Value
Udc DC voltage 100 vV
f Fundamental frequency 50 Hz
fs Switching frequency 10 kHz
Ly Inverter side filter inductor 4 mH
L, Grid side filter inductor 2mH
C Filter capacitor 25 uF
o Resonance frequency of PR controller 3.14 rad/s
Ko Proportional term of PR controller 16
Kr Resonance term of PR controller 2000
ON Bandwidth frequency of PR controller 3.14 rad/s
Ke Active damping coefficient 25
Uy Grid voltage (line-line RMS) 30V
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